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"Half of the Scientists who have ever 
lived are alive and working today."
FOREWORD
The above quotation is an idea popularly used today to 
indicate the rapid progress which is being made in every field of 
science. Our fields of endeavor are so numerous and progress made in
I
each so rapid that a major problem in the scientific community is the 
dissemination of information to the layman. It seems paradoxical to 
spend countless hours in research in order to solve a problem only to 
have that solution remain buried in professional journals out of sight 
of those very people to whom the solutions mean so much. Indeed, the 
attitude of many scientists today is such that they are more interested 
in their work in a "research for the sake of research1' manner (and 
perhaps for some personal glory which increases in direct proportion 
to their number of publications) than in really solving any problems.
It was this attitude which indirectly stimulated the research 
program described herein. The sugar industry is in one sense the mother
I
of modern chemistry since so many branches of chemistry stemmed from 
attempts at understanding what was happening in sugar related processes. 
Unfortunately, the child has not acknowledged the mother and the chemistry 
profession has gone on to "bigger and better things'1 leaving its creator 
to wallow in the antiquity of its own processes.
iv
I
Of course this attitude was not premeditated, but it is 
sanctioned by most modern educational institutions who believe that 
sugar chemistry and sugar chemists died with the advent of the Atomic 
Age and that certainly there are no real problems worthwhile investi­
gating in so old an industry. Unfortunately, nothing could be further 
from the truth.
The real crime of the matter is that the field of chemistry 
does now have at its disposal the means with which to study more 
thoroughly the problems which beset the sugar industry. The same 
analyses which took years previously could be run today with modern 
instrumentation in a matter of minutes.
It was the intention of this research program to make an 
effort at applying the techniques of quantitative gas chromatography 
to the analysis of various juices of importance to the sugar industry 
for the major constituents therein. As was soon apparent, only the 
determination of the main sugar constitutents is practical without 
extensive separation procedures.
For the main acid component of sugar Juices, aconltlc acid, 
gas chromatography was found unsuitable. However, a rapid colorimetric 
method of analysis was developed which could cut down the time of 
analysis for aconitic acid in the sugar industry from several hours or 
even days to just a few minutes.
■ To illustrate the extent of the problem of communications 
mentioned earlier, it seems noteworthy to stress the fact that the
i
methods, reactions, and, of course, techniques used in this research 
work are not new. They are, for the most part, only extentions of
work (somewhat modified) which has already appeared in scientific 
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ABSTRACT
A quantitative gas chromatographic method of analyzing sugar 
cane juice and molasses for the three major sugars therein based on 
their conversions to the trimethylsilyl derivatives is outlined. A 
summary of appropriate literature concerning the sugar industry, 
trimethylsilylation, and analytical techniques is included. Also included 
is an extensive survey of the peaks which have been observed and their 
structures identified in the literature for a number of other silylated 
sugars in addition to those in sugar cane juices. The Kovats Indices 
for each of these peaks is experimentally determined. Special attention 
is given to the process of trimethylsilylation of fructose.
The major non-sugar in cane juices, besides water, is aconitic 
acid. While this substance could not be quantitatively identified with 
the chromatographic procedure developed above, its concentration was 
determined using a simple, rapid colorimetric procedure which was a 
modification of a method already in the literature for other applications.
xviii
INTRODUCTION
For thousands of years carbohydrates have been known to man 
in pure or semipure forms. For at least two hundred years the desire 
to find new sweetening agents has stimulated the study of known 
products and new sources. Today the carbohydrates comprise one of the 
major groups of naturally occurring organic materials. They are the 
basis of many important industries or segments of industries including 
sugar and sugar products, glucose and starch products, paper and wood 
pulp, textile fibers, plastics, foods and food processing, fermentation, 
and to a less developed extent, pharmaceuticals, drugs, vitamins, and 
specialty chemicals.**
The sugar industry in particular has been a challenge to the 
chemist for about two hundred years. It was the search for explanations 
in this field which led to other natural products investigations, 
conformational analysis studies, and other such disciplines which 
today are classified as being more in the realm of biochemistry than 
chemistry. This is unfortunate because, despite the eloquence and 
finesse of some of the work of the past, today's instrumentation could 
prove of immeasurable value in various naturally occurring systems if 
properly applied. It was this consideration which led to the establish­
ment of the analytical research program described herein. The main goal 
of this research project was to develop a quantitative gas chromato­
graphic procedure which can be applied to the analysis of molasses, 
syrups, and juices.
xix
The idea for this project was spawned by a paper by Sweeley, 
Bentley, Makita and Wells which is already considered to be a classic 
in its field. In it the authors describe the use of "silylation" as 
a means of converting carbohydrates into volatile derivatives which 
are so thermally stable that they can be passed through a gas chromato­
graphy column at a usable temperature. "Silylation" is the introduction 
of the silyl group into a molecule, usually in substitution for active 
hydrogen. Since this original paper, a large number of other pertinent 
papers have been written and a large number of applications have been 
made to naturally occurring systems.
Thus, application of the technique of silylation to sugar cane 
juices seems a straightforward procedure. However, like most methods 
which seem straightforward, there are complications which arise and 
problems which must be solved. These will be discussed at greater 
length in the text of this dissertation.
Besides the application of silylation to develop a gas
chromatographic procedure for sugar cane juice and molasses, the last
section of this dissertation deals with a colorimetric procedure for
determining aconitic acid, the main acid constituent of sugar cane
products, in a quantitative manner. It was hoped initially that gas
chromatographic methods could be used to determine many of the acids,
sugars, and other components in sugar juices. However, experimentation
proved that this was not really feasible since the three sugars— glucose,
fructose, and sucrose— are of such significantly higher concentrations
than all other components and since separation of these three from other
components by conventional methods is a laborious,time-consuming process.
xx
Thus, not even the primary acid in sugar juices gave a gas chromato­
graphy peak which could be used for routine analyses.
While searching the literature for information pertinent to 
the determination of aconitic acid, we found an article by Poe and 
Barrentine concerning the analysis of sorgo molasses for aconitic acid. 
Sorgo molasses differs from cane molasses in that the aconitic acid 
content is much higher, but we reasoned that the same method should be 
applicable to both. As it turned out this was true save that a
modification of the Poe-Barrentine method was found to give much better
249results than what they proposed originally. Thus, the colorimetric
method described herein was formulated.
Of all the sugars investigated, fructose proved the most
difficult with which to work. Seemingly the chromatogram obtained on
the TMS-derivative would not remain constant unless the reaction mixture
was allowed to stand overnight. Preliminary work dealing with the
reasons for this is discussed herein. After this work had been
3completed, a paper by Curtius, Mueller, and Voellmin was published
which helped a great deal in understanding the results which we had
obtained. The work presented herein was done primarily to determine
just how long the reaction mixture should be allowed to sit— not to
really become involved with the identification of all peaks present
since this would be a research project within itself.
Fructose was only one of many sugars examined which gave
multiple peaks. While many of these are attributable to anomeric forms
of the sugars present in solution, other peaks are probably due to
incompletely derivatized species. Some preliminary work was done to
xxi
determine the relative positions of these many peaks for each sugar in 
terms of their methylene unit values.1 The impetus for this work was 
the search for a suitable internal standard for the work being done. 
Nowhere in the literature could the positions of the sugar peaks in 
terms of methylene units be found. This made correlation of their 
positions with the positions known for various inert internal standards, 
for example, difficult. This work is included herein and should be 
looked at solely as an attempt at locating peaks. No real effort was 
made to experimentally identify the natures of the various peaks 
obtained since each sugar would be a research project in and of itself. 
However, in the first part of the "Experimental" section, results which 
we obtained in a preliminary study of some derivatized sugars are 
correlated with other studies concerned with elucidating the multi-peak 
chromatograms obtained from a specific sugar. However, not all of the 
sugars have been so examined, and this dissertation appears to be the 
only place where the information pertaining to a number of sugars has 
been collected.
Concerning the main goal of this work, the results described 
herein can be considered from both a positive and negative point of 
view. On the positive side, the project was completed and the appli­
cation to sugar cane juices was successful. The analytical determi­
nations of sucrose, glucose, and fructose with gas chromatography and 
aconitic acid with colorimetry give very good results. On the negative 
side, it is unfortunate that the samples require drying in the procedure 
used. This not only lengthens the time required for analysis, but also
necessitates drying equipment which is not usually readily available.
xxii
At the present time, a number of commercial products are becoming 
available to produce the trimethylsilyl derivative of carbohydrates in 
the presence of water. Although expensive compared to the reagents 
used herein, undoubtedly in the future their cost will decrease and 
their use will not only be feasible, but desirable. When this is the 
case, the procedure herein will be usable for rapid analysis of sugar 
cane juices without drying. Otherwise, introduction of the method into 
the industry will result only after suitable drying equipment has been 
purchased.
For the uninformed reader who wishes to acquire a passing 
knowledge of the topics covered in this dissertation, this seems an 
appropriate place to mention that there are several references which 
deserve special recognition for the areas they cover. They are listed 
below according to the topic they best describe:
(1) Carbohydrates. General
Ward Pigraan, "The Carbohydrates," Academic Press, 
Inc., New.York, N.Y., 1957.
(2) The Sugar Industry
C.P. Meade, "Spencer-Meade: Sugar Cane Handbook,"
John Wiley and Sons, Inc., New York, N.Y., 1963.
(3) Sugar Cane. Agricultural Considerations
 ̂ E.F. Artschwager and E.W. Brandes, "Sugar Cane--
Origin, Classification, Characteristics, and 
Descriptions," U.S.D.A. Handbook No.122, U.S. Govt. 
Printing Office, Washington, D.C., 1958.
(4) Silylation. General
A.E. Pierce, "Silylation of Organic Compounds," 
Pierce Chemical Company, Rockford, 111., 1968.
xxiii
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CHAPTER I
SUGAR AND SUGAR CANE
A. HISTORY
The history of sugar cane 1b the history of man himself and
Just as the origins of man are shrouded in mystery, so too are the
beginnings of sugar cane lost in the mists of antiquity. Two different
species of cane have been traced to two different areas of the world
and there is no way to determine which arose from the other. Both the
4Ganges Valley in northeastern India and the tropical island of New 
5Guinea have been postulated as the birthplace of the noble cane, 
Saccharum Officinarium. In each case it is purported that cane cuttings 
were carried from the birthplace to the other place at a very early 
date so that two different species gradually evolved. Another 
explanation is that in the Cretaceous Epoch there existed a great 
Asiatic-Australian Continent on which sugar cane spread by natural means 
unaided by man.** When water eventually separated the various parts of 
this continent into what is now called Melanesia, the sugar cane which 
was isolated developed into different species by hybridization with
7other wild grasses. The phytogeographic studies of Merrill have been 
used to suggest this hypothesis. Various authorities place the birth- 
date of cane as being between 8,000 and 15,000 years ago. This should 
be compared with the controversial opinion of a number of religious 
authorities who place the date of the Creation of the earth and universe
1
as being 6,000 years ago to see the validity of the first sentence in 
this paragraph.
The first references in literature to sugar cane relate to 
its growth in Northern India in the 4th Century, B.C.^ However, some 
sacred Hindu books as well as the "Institutes of Manu"— Indian writings 
which predate the Christian era by about one thousand years--also 
mention a cane whose description matches that of sugar cane. 
Interestingly enough, the Christian Bible, the Talmud, and the Koran 
do not mention sugar* or sugar cane although all three refer to ’'honey" 
in several places. ®
Whatever the actual site of its beginning, sugar cane rapidly 
spread throughout the Asian continent and South Sea Islands between 
1800 and 1700 B.C. Several Chinese writers of the time described the 
technique of boiling cane liquor to produce a crude type of sugar.
(They attributed its origin to India.) During this time, island 
navigators carried stem cuttings to the Philippines, Java, and even to 
the distant Hawaiian Islands.
The great Persian Civilization spread sugar cane through its 
area and sometime around 700 A.D. the Nestorian monks in the Euphrates 
region successfully produced white sugar through the purifying action
4of ashes. From the western reaches of the Persian Civilization, in 
what Is now called Asia Minor, it was but a short step to the influence 
of the Roman and Greek Civilizations. Thus, the Greeks and Romans knew
In the sugar industry, the word "sugar" is defined to be the 
chemical compound sucrose as opposed to its use in chemical nomenclature 
to denote carbohydrates. In this dissertation the word is used in both 
senses, but from the context there should be no confusion.
of the existence of sugar cane and probably crystallized sugar.
Similarly, the Arabian Civilization not only knew of sugar, but they
also were responsible for spreading its culture throughout the
Mediterranean region. It was under the influence of the Arabs that the
earliest refining processes and preparations of candies and confections
9reached their peak in Europe. By the year 1000 A.D., the art of sugar
3refining was well established in Egypt.
For centuries around this time the crystalline product of 
sugar cane was looked upon as a substance with miraculous curative
3
properties and, as such, was a very costly delicacy. This continued
to be the case until Columbus set the pattern for all future global
explorers by transporting cuttings to Santo Domingo on his second
voyage to the New World in 1493. While there is some doubt that his
shipment actually made it to its destination, it is definite that Pedro
4de Atienza successfully transported the cane to Santo Domingo in 1306.
Three years later, in 1509, the first mill in the Western Hemisphere
was established at Yaguate (now in Santo Domingo) and in just a few
years, the culture was spread to the islands of the West Indies, Cuba,
9Mexico, Brazil, and Peru.
During the 1500's Cortez, Pizarro, and other explorers took 
cane to the mainland of South and Central America and established so 
wide a cane culture that by the year 1600 raw sugar production in
5tropical American was the largest industry in the world of that day. 
Interestingly, records show that as many Spanish ships were attacked for 
their cargoes of sugar as were attacked for their cargoes of gold and
silver. When the first Spanish explorers finally reached the Hawaiian
Islands from Europe (presumedly carrying their traditional supply of
cane cuttings), they found that sugar cane had already arrived (from
4the East) and was growing wild on many of the islands.
Although there were probably several earlier attempts at
establishing the sugar cane culture in the United States, the year 1751
gis generally regarded as the date of introduction. In 1758, Joseph
Dubreuil erected the first sugar mill in the United States in what is
now Louisiana and in 1765 the first shipment of sugar was sent to France
These efforts, however, were on a very small scale. It was not until
1795 through the efforts of Jean Etienne de Bore that refined sugar was
successfully commercialized on an appreciable scale and sugar cane
9processing was firmly established in the United States.
Between 1800 and 1850, new methods and procedures were 
introduced into the sugar industry and the world production of sugar 
mushroomed. In 1813, E.C. Howard of England invented the vacuum pan 
method of evaporating sugar liquors— an extremely significant step in 
processing the heat sensitive material. Shortly thereafter, about 1820 
the process of decolorization by decolorizing charcoal (bone char) was 
introduced in England to produce the white product so familiar today.
In 1845, Norbert Rillieux, "a free man of color" in Louisiana, built the 
first multiple-effect evaporator for concentrating cane juice in New
5Orleans. This process resulted in savings in fuel, labor, and sugar, 
and literally revolutionized the sugar industry. During this period of 
time the sugar culture was instrumental to many historical events.
Many historical figures such as Queen Victoria and Napoleon were vitally 
interested in territorial conquests for the sake of establishing sources 
of sugar, and in the United States, Santo Domingo, and other tropical 
areas, the need for manual cane harvesting produced the necessity for 
Slavery. The history of the Negro and the sugar cane culture has been
Q
traced in many books.
Few important changes were made in the technical aspects of 
the industry following those described above. On the other hand, during 
the second half of the 1800's, the chemical tests, analytical procedures,
g
and quality control procedures were outlined and established. For the 
most part, these same procedures are still in use today.
Even today the influence of the sugar cane culture has at 
times had a dramatic influence on world events. The break in diplomatic 
relations between the United States and Cuba and the resulting need by 
Cuba for new sugar markets is currently the most noteworthy example of 
the control over a nation's economy and politics which the crop 
possesses. Even as this is being written, Castro has announced the 
failure of the Cuban cane industry to meet the goals set for this year. 
He questioned, perhaps rhetorically, whether or not the people desired 
his retirement as a result of this failure.
B. MANUFACTURE
The process of manufacturing sugar is a very efficient one in 
that, as much as possible, the by-products of one process are used to 
fuel or aid in another. Essentially, whether sugar is derived from 
cane or sugar beets (the second largest sugar crop), there are five
basic operations involved which are listed below:
(1) extraction of cane juice from the cane
(2) purification of the extracted juice
(3) concentration of the juice to syrup by evaporation
(4) boiling of the syrup until sucrose crystals form
(5) separation of the product from its mother liquor.
Step number one above is accomplished in two stages. First
the weighed cane is passed through a series of shredders to separate the
fibers, but no juice is removed in this step.^ To separate the juice
from the fibers, the shredded mass is passed through a series of very
large and heavy rollers arranged in groups of three such that two are
placed on one level and geared to move in the same direction while the
4third, on a lower level, is geared to turn in the opposite direction.
Between each trio of rollers, the pulp is sprayed with water in order
9to help "wash out" all contained sugar. This process is generally 
referred to as maceration in the sugar industry, but this is technically 
a misnomer.
The result of the above step is that two products are
produced: a liquid solution of all water soluble materials contained
in the sugar cane plant (as well as some insoluble material suspended
qin a finely divided colloidal state) and "bagasse", the compressed 
remains of water insoluble cane fiber. The bagasse is so dry at this 
point that it is commonly used as fuel to fire the boilers necessary 
In subsequent steps described below. In this application one ton of 
bagasse is equivalent to one barrel of bulk crude oil. It is this
savings in fuel expense which makes cane a more economical source of 
sucrose than sugar beets. Besides, this process eliminates a bulky 
side-product. To a limited degree, bagasse has also found use as 
fiber wall board and as the starting material for the chemical 
production of other products such as paper.
The "raw juice" delivered from the milling operation is a
11 4turbid, opaque, gray or dark green colored liquor containing about
1116 percent solids (80 to 90 percent of which is sucrose) as well as
glucose, fructose, gum, pectin, acids, and a host of other impurities
to be further examined in this paper presently. The process by which
this liquor is purified is in principle essentially the same today as
4in primitive times. The ancient treatment was to heat the juice in
4open kettles over an open fire and to add ash to eliminate non-sugars.
Today's procedure is to add calcium hydroxide (lime) to the heated
solution to obtain a flocculent precipitate consisting of coagulated
colloids, insoluble calcium salts, and occluded impurities. The
addition of phosphoric acid in small quantities has been found to aid in
9this clarification procedure. Decantation of the treated liquid from 
the settled floe and filtration yields a solution in which considerable 
clarification has been effected. In the filtration process, the filter 
pad is washed with water to remove any retained sugar. The resulting 
dilute sucrose solution is termed "sweet water” and is used in place of
9water in all following stages of processing. In some areas, sugar is 
sold directly from the sugar mill instead of being sent to a refinery.
In these areas, sulfur dioxide is added to the raw juice for quick
4bleaching just before the addition of lime. The product has a
yellowish tinge since it has not been extensively refined, but it is
palpable. In other areas, carbon dioxide, alum, or any one of over a
hundred defecating agents have been used, but lime and heat remain the
9most standard treatment.
Evaporation of the clarified juice to a syrup is the next
step in the manufacturing process and is accomplished by piping the cane
juice into evaporators, usually aligned in groups of three, in which the
liquid is heated by enclosed steam pipes (the steam being generated
4from bagasse fueled boilers). In the third evaporator, the juice
thickens to about 40 to 50 percent solids content. This liquid is then
boiled in single-effect vacuum pans to "grain", that is, the formation
11of very small crystals of sucrose. The thick mixture thus produced 
is termed "massecuite" in the sugar industry, and is simply a thick 
mixture of molasses and sucrose crystals. Thus is the fourth step of 
the manufacturing process accomplished.
To separate the desired sucrose from its mother liquid, the 
material discharged from the vacuum pans is introduced into a centrifuge 
containing a wire basket. During centrifuging at speeds between 1,000 
and 1,500 r.p.m., the mother liquor passes through the perforations in 
the basket and leaves sucrose crystals behind.**' The mother liquid thus 
separated is termed "A" molasses and the sugar produced In this first
g
batch, which is usually 96 to 97 percent pure, Is termed "A" sugar. A 
second and third crop of crystals is then obtained by reworking the 
molasses by further boiling, crystallizing, and centrifuging. "B" and 
"C" sugars result from the second and third separations, respectively.
Similarly, the second mother liquor obtained is termed ,rB" molasses, 
but the third (from which it is no longer economically practical to 
obtain more sugar) is called "blackstrap molasses" and is usually 
sold either as a starting material in the production of ethyl alcohol
Q
or for use as a component of animal feed in the United States. In 




The process of refining is accomplished either in a central
plant to which a large number of mills send their crude sugar (as in
the United States) or as another step of a continuous process in a large
sugar mill to which sugar cane has been transported from a large
surrounding area (as in many South American areas). In either case,
the refining process consists of three major steps.^
The first step is to mix the raw sugar with sugar syrup to
dissolve the molasses still adhering to the crystals. The heavy mixture,
termed "magma", is then centrifuged and the resulting crystals washed
by steam to produce a product which is almost white. Next, the sugar
is dissolved to form a very thick syrup which, after treatment with lime
and phosphoric acid to flocculate the impurities, is filtered through
4bone-char to remove any remaining trace amounts of color and ash.
Finally, the sugar is recrystallized by boiling in vacuum pans, washed
11again, dried, and packed in bags or cartons.
D. PRODUCTION
The world's annual production of sugar has increased steadily
throughout the years as the demand for the product has grown- Technical
advances in agriculture have kept pace by increasing the yield of cane 
9per acre planted. In 1950, the world's production was 40 million 
short tons; by 1960 that figure had increased by over 50 percent to 
over 60 million tons. Figure 1 illustrates the consumption of sugar 
In the United Kingdom from 1700 to 1960 and Is representative of the 
increase in usage in all countries. Sugar cane meets this demand in
9all countries except those in which sugar beets are grown internally.
The tropical or semitropical areas of North, South, and Central America, 
Africa, and Asia are the chief production sites.
E. THE SUGAR CHEMIST
The sugar cane industry was one of the first industries to 
use a materials balance as a means of technical and chemical control
g
and was the first food process to employ chemists. As the first step 
in this process, all incoming cane is weighed on large platform scales 
in the transportation unit in which it was carried to the mill. Through­
out the milling process of shredding, crushing, extracting, evaporating, 
and centrifuging, samples are continuously removed and monitored for 
the sucrose content. There are a number of systems for specifying a 
number which may be correlated with the sucrose content. These systems 
are too involved to fully describe here. Suffice it to say that all of 
the various systems have been carefully defined within the industry by
g
International Society of Sugar Cane Technologists (ISSCT).
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FIGURE I
CONSUMPTION OF SUGAR IN THE UNITED KINGDOM, 1700 - 1960
This figure, based on information presented in reference 10 
for one country for which there are very old records, is indicative of 
the rising demand for sugar throughout the world and the consequent 
need for controls to allow greater productivity in the sugar industry.
Data is presented on a "per decade" basis. While insignificant 
variation between years within a decade is not shown, the total consumed 
per decade is accurate. Years in which there was an abrupt change in 
consumption during a decade are represented by numbers with the 
following significance attached:
(1) 1845, beginning of a progressive removal of duties 
on sugar
(2) 1875, the first year of no duty
(3) 1901, duties reimposed
(4) 1920-1924, prices very high
(5) Data refers to raw sugar until 1932 and afterwards 
to refined




POUNDS OF SUGAR CONSUMED ANNUALLY PER PERSON
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The sugar plant chemist is responsible for all phases of 
the milling operation and must determine that each step is optimized 
to yield the most product in the most economical manner. Generally 
the chemist has a threefold purpose: (1) guiding all operations to
ensure the best practical results, (2) providing figures which will 
Indicate the extent of losses in the factory and which will aid in 
detecting these losses, and (3) accumulating data that will allow the 
work done in the factory during one period to be compared with similar 
work during other periods and perhaps in other factories. To accomplish 
these goals, he needs data which is rapid and simple to obtain and
g
which is reliable.
In addition to these responsibilities the sugar chemist must 
send samples of molasses, for example, to molasses consumers, such as 
animal feed and ethyl alcohol producers. These consumers analyze 
samples according to the same methods used in the sugar Industry as a 
means of deciding the price they will pay for the product. The sugar 
chemist must correlate their data with his own and study any different
results between the two sets of data.
F. WEIGHTS
Weighing is one of the most important practices in the sugar
g
industry. The following weights are routinely recorded:
(1) sugar cane— as delivered to the factory
(2) juice— weighed in tanks after separation from
bagasse
(3) juice--weighed after clarification procedure
(4) imbibition or "maceration"- water (the water which 
sprayed on cane) is weighed
(5) bagasse— this weight is variously obtained as a 
theoretical value based on other weighings, or in 
some factories actually weighed.
(6) filter cake— obtained from filtering drums, are 
weighed
(7) raw sugar— is weighed in bulk or after packaging, 
depending upon equipment available
(8) final molasses— is weighed in tank cars.
From these weights the sugar chemist can check his materials 
balance for losses using the fundamental equation of the sugar industry:
Cane + Imbibition Water = Mixed Juice + Bagasse
In some factories, this equation is used to obtain a theoretical weight 
of bagasse by difference when weighing facilities are lacking. In 
practice the equation is not really very good since a number of things 
are not considered. For example, the amount of water in the juice may 
decrease by evaporation or increase by the addition of water used for 
other purposes (such as cooling bearings, washing down mills, etc.).
This water is not weighed and it is hoped that gains will balance losses.
G. METHODS FOR MONITORING SUCROSE
Several methods are in use for determining the "sucrose 
content" of the various sugar industry juices. The figure may be
determined from either ’'Pol" or "Brix" determinations, or on "sucrose" 
and "dry matter", or, alternatively, "sucrose" and "gravity solids",
g
which may mean either "Brix or hydrometer" or "Brix by refractometer".
The proper method of choice has not been universally agreed upon and
this disagreement has led to a great deal of confusion.
Several publications by the International Society of Sugar
Cane Technologists (ISSCT) have been instrumental in internationally
defining these terms. A volume known as ISSCT Methods, published in
121955 and edited by J.L. Clayton, gives definition to the terms
mentioned in the above paragraph. It would require several pages to
give all of the definitions in their entirety so this will be omitted
here. The term "Brix", however, is so important that it should be
defined for later use in this dissertation. Strictly speaking, Brix
is the percentage by weight of the solids in a pure sucrose solution,
but in the sugar Industry is used to represent the "apparent solids"
in a sugar solution as indicated and determined by a Brix hydrometer.
It should be noted that the Brix scale is based on measurements of pure
sucrose solutions and its application is to juices, syrups, and molasses
samples which contain sucrose and a host of other impurities.
By far the most commonly used method of determining sucrose is
13by making use of the action of a sucrose solution on polarized light.
The polariscopes used for determining the amount of sucrose present in 
a solution are called saccharimeters. They are specially designed for 
use with sugar solutions and are calibrated to the nearest tenth of one 
percent in terms of "percent sucrose". Until the ISSCT formally defined
15
12the terms used In the sugar industry, there existed a great deal of 
confusion concerning the usage of the terms "sucrose" and "polarization". 
The two were incorrectly used interchangeably to indicate the figure 
obtained when a saccharimeter was used to measure the "percent sucrose" 
in sugar mill juice. Presently, "sucrose" is defined to be "the pure 
chemical compound....no determination is specified". "Polarization", 
on the other hand, is defined to be the method employed when a 
saccharimeter is used. The term "pol" is defined as "the value 
determined by direct or single polarization of the normal-weight 
solution in a saccharimeter...." Because of its simplicity, the term 
has become very popular and is new universally used to denote the
figure obtained with a saccharimeter pertinent to a particular
i w  3}12 solution. *
Even the determination of sucrose content based on polarimetry
14has been subjected to a number of modifications. Basically, two
methods exist: the method of single polarization and the method of
double polarization. In the first method, the juice is read directly
and its rotation taken to represent the amount of total sugars present.
Even though there are serious objections to this method because of the
known ability of other juice components to rotate light also, it is
still used almost exclusively. To eliminate the effect of these other
components, Clerget, in 1846, proposed the method of double polarization
15(also called the method of Clerget). In this procedure, after 
defecation an initial reading is obtained for a sample using a 
saccharimeter. The sugar juice is then treated with acid or invertase
to Invert sucrose and a second reading is obtained on the solution.
Considering both measurements the amount of sucrose can be calculated
since the "background" has remained constant. Unfortunately, the
Clerget method demands rigorous adherence to specified conditions and
14its use has never really been popular. A number of modifications 
based on the technique of double polarization have been proposed, but 
none have been widely accepted and the method of Clerget remains the 
official method of the sugar industry.
H. DETERMINING REDUCING SUGARS
12The ISSCT has defined the "reducing sugars" to be "the
reducing substances in cane and its products....calculated as invert
sugar". "Glucose"was used before the ISSCT definition to indicate the
same thing, but is no longer widely used. Instead the term "invert"
has gained wide acceptance to indicate the result obtained when
"reducing sugars" are measured.
The analytical procedure for determining reducing sugars is
the same today as that proposed by Fehling in 1849 and which Soxhlet
modified in 1879. The analysis depends .upon the property that glucose
and fructose have in alkaline solutions of reducing copper in the
cupric state to cuprous oxide. The amount of copper reduced is directly
proportional to the amount of reducing sugars present as long as very
8 14exacting procedures are used under very specific conditions. *
The definition of "reducing sugars" given above reveals the 
"state of the art" in the sugar industry regarding the analysis of
17
reducing sugars. In fact, reducing sugars are not the only substances
which influence the answer obtained; anything which will reduce copper
from the cupric to the cuprous state under the conditions of analysis
adds to the value obtained. Thus, the analysis for "reducing sugars"
analyzes for reducing sugars, in the chemical sense, along with any
other reducing substances present. Various estimates have indicated
that the results obtained industrially are in error (as far as actually
indicating the amount of glucose and fructose present) by as much as 
16twenty percent.
I. OTHER ANALYTICAL METHODS
Application of so-called "newer" (at least newer than the 
hundred year old techniques commonly used industrially) analytical 
techniques to various determinations potentially useful to the sugar
industry have been rather wide-spread on a research basis.
17 18 19 20Polarography * flame photometry, emission spectroscopy, optical
8 8 fluorescence, nuclear magnetic resonance, carbon-14 labeled radio-
21-23 8active sugars techniques, cation-sensitive electrodes, and a
number of other special techniques have been introduced and used to
varying extents in sugar work. None have replaced the older more
established methods on a routine basis, despite the acknowledged
inferiority of the latter. The one technique which deserves special
mention is chromatography which, in its multitudinous forms, has been
extensively applied to sugar house analyses and has been very well
received especially as a research tool, but also where identifications
18
either qualitative or quantitative are necessary outside the usual realm 
of analysis. Chromatography Is discussed In the next chapter.
CHAPTER XI
APPLICATION OF CHROMATOGRAPHIC PROCEDURES TO SUGAR SOLUTIONS
A. INTRODUCTION
A myriad of papers have appeared concerning the application of 
various chromatographic methods to sugar solutions. The primary advantages 
which these methods have over older procedures are based on the very 
specific, highly sensitive tests which are used. Moreover, some methods
can be adapted for either insignificant quantities or for use on a
. ! ! 24commercial scale.
B. PAPER CHROMATOGRAPHY
Partridge first described the chromatographic separation of
sugars on paper using methods originalIy utilized for separations of 
25amino acids. Since that time several thousand original papers have 
24been published and a proportionally large number of reviews, of which
26-35only the ones written in English are referenced here.
The use of paper chromatography for identification and 
quantitative determinations in sugar mixtures obtained from natural
36-38products has been wide spread and an extensive review of its use for
39determining sugars in various foods has appeared. The methods proposed
40 41by Schallenberger el: al. and Jiracek e£ al. have been particularly
recommended for the estimation of sugars in foodstuffs and plants.^
Problems usually arise in the use of paper chromatography for 
sugar solutions because of the large number of other components (even at
19
20
the "slight Impurity" level) usually contained in biological samples in
24 24particular. Other problems are related to poor separations, low R^
42 43 44values, detection and quantitation of separated components, * and
the time required for analysis.
C. PAPER ELECTROPHORESIS
Although technically more exacting than paper chromatography,
paper electrophoresis has been increasingly employed in sugar chemistry
24because of its rapidity. A number of reviews of the technique in
general, but with references to work done with carbohydrates, have
. 42-48 appeared.
Basically, the technique depends upon the electrophoretic
separation obtained when ionic complexes of various inorganic salts with
24sugars are allowed to migrate in an electric field. The electrolyte
49 50carrier is either current chromatographic paper * or glass-fiber
51 52 52paper * and gives good separations of sugars of similar mobility.
The reagents used for identification purposes in paper chromatography
46are directly applicable for use in detection in paper electrophoresis.
Many separations difficult with paper chromatography are 
successful using paper electrophoresis.^*^ ^  The primary reason for 
this is the fact that the mobility of various sugars, expressed relative 
to glucose as values, depends greatly on the nature of the electrolyte 
employed and on the pH value. There is no simple relationship between 
sugar structures and mobilities as in the case of paper chromatography ' 
although it has been found that the mobility of N-benzylglycosylamrnp.iura
21
57 58Ions as well as free sugars In hydrogen sodium sulfite is inversely
proportional to the molecular weight.
D. COLUMN CHROMATOGRAPHY
Column chromatography presently is considered the most important
method for purification and separation of sugars and their derivatives
24for preparative purposes. It is used for isolation of sugars from
natural materials, in the synthesis of sugars, and in the study of 
59polysaccharides. However, its greatest use in the sugar industry has
been in the determination of trace constituents such as amino^ and
61non-nitrogenous acids. In 1960, a review article appeared summarizing
the results obtained for the past decade in applying column chromatography
and some other techniques to sugar mill juices obtained on a pilot plant 
62scale. The emphasis in this article was on non-sugars and it was 
pointed out that chromatography was the only means available which would 
separate some thirty individual organic acid constituents and allow them 
to be determined quantitatively. Roberts and Martin have also presented 
a comprehensive summary regarding the non-sugar fraction of sugar cane
4 4 6 3juice.
Sugars proper ,have been separated by both adsorption and
64 64 partition chromatography. Gradient elution analysis has also been
important in improving separations^ and has been facilitated by automatic
66*71 68fraction collectors and automatic columns. In addition to sugars
proper, sugar derivatives have also been the subject of a large number of
applications of column chromatography. The literature on the chromatography
22
of sugars and their derivatives is so voluminous that no effort will be
7 2-76made here to summarize it. A number of reviews, especially that of 
72Binkley, have summarized the work done.
E. THIN-LAYER CHROMATOGRAPHY
77 78The advent of thin-layer chromatography * introduced into
the field of chromatography a method which retained many of the features
of paper chromatography such as its simplicity, but offered the advantage
of considerable rapidity. A number of reviews have appeared concerning
79-89its use in carbohydrate analysis. Berger and Borodkin have analyzed
the application of thin-layer chromatography to the separation of
90carbohydrates in sugar refining.
A large number of papers have appeared dealing with the
application of thin-layer chromatography to sugar derivatives including
91the trimethylsilyl derivatives important to this work. The method haB
also proven successful for analyzing mixtures of acylated sugar derivatives
92 93 94(acetyl and benzoyl derivatives) on silica :gel; 7 alumina has been 
used to separate thioacetals, halogenodeoxy derivatives, anhydroalcohols, 
and the isopropylidene and benzylidene derivatives.i
A recent paper by Avigad and Bauer illustrated the remarkable 
separations which are possible using thin-layer chromatography at low
95temperatures to investigate trimethylsilyl sugar derivatives. In this 
study pure sugars yielded elongated or double spots at low temperatures 
as compared to single spots at normal temperatures. For D-fructose the 
two spots were found to correspond to the furanoid and pyranoid forms of
23
Che sugar. D-mannose, on the other hand, gave two spots which could be 
correlated with the or- and B-anomers of the pyranoid form.
F. GAS CHROMATOGRAPHY
Gas chromatography is considered to be the most promising
method of analysis for sugars and sugar derivatives at the present time.
The method also appears promising for preparatory purposes.
Unfortunately, sugars will not pass through a gas chromatography
column unless derivatized. Thus, the problem of using gas chromatographic
analytical procedures has degenerated into a problem of finding volatile,
thermally stable, easily prepared derivatives. To this end extensive
studies have been made of the chromatographic behavior of derivatives
such as O-methyl ethers, O-acetyl esters, and 0-trimethylsilyl esters,
98and various acetals and ketals. A number of reviews have been written
describing the utilization of such derivatives for the separation of
2,99-103 sugars. *
Examination of the procedures, other than the trlmethyl-
silylation procedure, shows why these methods are not casually employed
routinely. The methylation of simple sugars, for example, requires that
the carbohydrate be suspended in 4% hydrochloric acid solution in acetone-
free, anhydrous methanol and refluxed 16 to 20 hours under anhydrous 
103conditions. Because of the requirement for anhydrous conditions, this 
method of producing volatile derivatives of carbohydrates is impractical, 
since water is present in sugar house samples. Acetylation of sugar 
alcohols produced when aqueous solutions of the carbohydrates are treated
24
with a 1.57. solution of sodium borohydride in water has been favored
104in some instances. In this procedure, the reaction mixture is kept
at 20° to 25° Centigrade until a drop of it no longer reduces Fettling's
solution after acidification with acetic acid to destroy excess reagent.
In practice, the mixture is usually allowed to stand at room temperature
103for 24 hours or until its optical rotation becomes constant. This
procedure, of course, negates its use as a rapid derivatizing method in
the sugar industry.
Some other volatile derivatives have been prepared whti-e there
has been objection to the multiple peaks obtained on trimethylsilylation
of carbohydrates. Shaw and Moss^^ worked with the O-acetyl g^cttols^^*^^
for this reason. They did, however, point to the limitations of the
method to only those mixtures which did not contain certain pairs of
sugars which give a common alditol (xylose/arabinose, gulose/glucose,
and altrose/talose, for example). Moreover, the method they used, which
108was a modification of the method reported by Onishi and Ferry suffers
from the same problems which have caused objection to the above described 
procedures (i.e., the method is long, complicated, and requires a number 
of steps involving sample drying, careful temperature control, and some 
extractions).
Thus, it is almost universally agreed that preparation of the
trimethylsilyl derivatives of carbohydrates is the least complicated, the
most quantitative, and the most generally suitable procedure for routine
preparation of derivatized carbohydrate mixtures for gas chromatographic 
102analysis. This method of derivatization will be discussed in more





Trimethylsilylation (sometimes referred to as simply "silylation") 
denotes the substitution of the trimethylsilyl (or "silyl") group,
—Si(CH3)3, into a molecule, generally in place of an active hydrogen.
This reaction can be accomplished with a number of reactants including
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Besides these, a number of other compounds have been used 
such as dimethylsilyl and chloromethyldioethylsilyl compounds where, for 
example, a halogen atom is substituted for a hydrogen somewhere in the 
reactant. Different reagents have been more or less suitable for 
particular reactions than others. For example, a solution of the above 
N-trimethylsilylimidazole in pyridine marketed as "Tri-Sil-Z" has been 
found to be better able to handle moisture present in the sample than 
trimethylsilylchloride and hexamethyldiBilazane. Bulletins published 
by Fierce Chemical Company, "Pierce Reviews," generally keep track of 
new compounds developed for silylation applications.
B. REACTION
The reaction of carbohydrates with silylation reagents is 
essentially illustrated below where the R group represents the portions 
of the molecule other than hydroxy groups and only one hydroxy group is 
depicted for simplicity though all react similarly:
fr-OH + (CH3)3Si-Cl - R-0-Si(CH3)3 + HC1
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The reaction with trimethylsilylchloride, above, differs from that with 
hexamethyldisilazane in the nature of the by-product produced:
2R-0H + (CH3)3Si-NH-Si(CH3)3 -* 2R-0“Si(CH3)3 + NH3
For this reason the two reacting together as a mixture, the most widely
2employed reaction and the one suggested by Sweeley et al. can be
pictured to form NH^Cl as the result of combination of the two by-products.
2This, in fact, is the side product when the method of Sweeley is used,
although, as will be discussed more fully later, the mechanism may not
be simply a direct combination of HG1 and NH3*
While silylation of hydroxy groups is of primary importance to
this work, it would be negligent not to mention, if only in passing, the
silylation of molecules with other functional groups. This will be done
in the appropriate places herein. Representative—of-̂  the reaction of a
carboxylic acid with a silylation reagent (in this example, with
109N-Trimethylsilydiethylaralne) is the following reaction:
/ C2H5
CH3(CH2)6COOH + CH3~Si~N    CH3(CH2>6C00Si(CH3) 3 +
\ H5
Indicative of the selective silylation which may be accomplished by
controlling the reaction conditions is this example of an a-amino-
109carboxylic acid using N,0-Bis(trlmethylsilyl)acetamide:
0 / 0S1(CH3)3 0
CH3CHC + 2CH3Qf  ► CH3C H C ^  + 2CH3C^
NH2 OH NSi(CH3)3 NH ^ OSi(CH3>3 ^NHSi(CH3)3
Si(CH3)3
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In summary, the literature reveals that —OH, “NH, and —SH 
groups in almost any organic compound, or its salt, can be derivatized 
by a simple reaction with trimethylchlorosilane, hexamethyldisilazane, 
silylamines, silylamides, or combinations of these reagents to prepare 
silyl ethers, esters, or amines. Depending upon the silylation reagent 
selected and reaction conditions either all or part of the functional 
groups available for reaction will undergo silylation. For this reason 
it is not always clear in all work exactly what or how many functional 
groups have undergone reaction (for example, whether the molecule is 
O-silylated or N-silylated if there is a choice in a molecule). For 
work with carbohydrates, however, conditions are desired which permit 
the silylation of all hydroxy groups in the carbohydrate molecule.
C. THE MECHANISM OF SILYLATION
A number of mechanisms have been proposed for silylation 
reactions of the type:
(CH3)3Si-X + HY -* (CH3)3Si-Y + HX
Because of the rapidity of the reactions and because of the decomposition 
of silylation reagents by water, kinetic studies have been rather difficult.
In 1954, Grubb used methanol as a solvent for the self-condensa­
tion reaction of silanol to hexamethyldisiloxane
2(CH3)3SiOH - (CH3)3SiOSi(CH3)3 + H20
As a secondary consideration to his primary investigation he found that
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silanol also reacted with the solvent in a reversible reaction:
(CH3)3SiOH + CH3OH (CH3)3SiOCH3 + ^ 0
Since the (CHj^SiOCl^ formed by reaction with the solvent proceeded to 
react further with silanol according to
(CH3)3SiOCH3 + <CH3)3SiOH - (CH3)3SiOSi(CH3>3 + CH^OH
thus producing the same product as the reaction being studied, it was 
necessary that the methanol silylation reaction be studied in addition 
to the condensation reaction.
It was found that both acids and bases catalyzed the methanol 
silylation reaction, but that the rate of a hydrochloric acid catalyzed 
reaction was 500 times that of the same reaction catalyzed by potassium 
hydroxide.
As a result of his studies, Grubb proposed a mechanism with a 
bimolecular rate determining step. Thus, in an acid catalyzed reaction, 
the production of the silylation condensation product from the reaction 
of (CH3)3SiOCH3 and (CH3)3S10H consisted of a rapid, non-rate-determining 
protonation followed by the slow reaction:
+
(CH3)3Si-OH + (CH3)3Si-0-CH3 s*
H
+ x 3/ ”3 I
(ch3)3si-o —  si —  o-ch5 
H
(CH3)3-Si-0-Si(CH3)3 + H+ + CH3OH
30
For base catalyzed reactions, proton abstraction from silanol is followed 
by the slaw step:
(CH3)3Si-0‘ + (CH3)3Si-OCH3
CH. CH,
\ 3 / 3(ch3)3si-o —  Si --- och3
CH3
(CH3)3Si-0-Si(CH3)3 + CH30
Although silanol is structurally similar to butanol the Si 
atom differs enough from carbon that there are important property 
differences between the compounds. In fact silicon does not give rise 
to all of the many compounds derived from carbon, and the silicon analogs 
of carbon compounds that are known exhibit markedly different properties. 
The reason for this difference is based on two aspects of the relation­
ship between the two elements. First, silicon is just below carbon in 
the periodic table in Group IV and for this reason should display similar 
reactions and compound formation. The second consideration is the fact 
that the valence electrons of silicon are farther away from the nucleus 
and are held less strongly than in carbon. Thus, silicon is more 
electron-donating or metallic (less electronegative) than is carbon.
More exactly, the differences between silicon and carbon can be ascribed
to the fact that carbon is limited to four covalent bonds, but silicon
109has available 3d orbitals for additional bonding. Thus, in many 
compounds, silicon ions are known where silicon is surrounded by five or 
six bonds. Despite this, however, it is somewhat interesting that silicon
3L
(and germanium and tin) Is not known to form prr multiple bonds either to
itself or to other elements (whereas, of course, carbon has a pronounced
112tendency to do so).
One of the differences between carbon and silicon compounds
important to this discussion is the fact that alcohols (and amines) do
113not form salts with hydroxide while silanol does. West and Baney
have made a thorough study of the acidity and basicity of sllanois
compared to alcohol. They concluded that whereas silanols are stronger
acids than alcohols, they are also nearly as Btrong bases as the
alcohols. While a large number of studies have been made to explain 
114-124this information the consensus of opinions is that the properties
are due to a dative d -R bonding involving electron donation from atIT TT
least one of the oxygen p orbitals to the d orbitals of silicon with
such bonding being perhaps more important in a silicon-containing ion
124than in silanol itself.
Regardless of the theoretical principals involved ,
alcohols and amines not to form salts with hydroxide while silanol does; 
125Langer et al. reviewed the silylation reaction mechanism proposed by 
Grubb^^ and postulated the same type of mechanism for the reactions of 
alcohols and amines with hexamethyldlsilazane. In the reaction between
hexamethyldisilazane and a commercial primary amyl alcohol mixture studied
125by these authors,  ̂both acid and ammonium ion were found to have a 
catalytic effect on
(CH3)3SiNHSI(CH3)3 + 2 ROH » 2 ROSi(CH3>3 + NH3
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whereas base (potassium hydroxide) was found to retard the reaction
process even in low concentrations. Now, this information should be
emphasized by repetition here. Both Grubb and Langer ejt al. agreed that
acid increased the rate of silylation. Regarding the presence of a base,
however, Grubb found that it did not catalyze the silanol silylation
quite as much as the acid, but it did act as a catalyst; Langer and his
associates, on the other hand, found that for an alcohol the presence of
a base not only did not catalyze the silylation reaction, it retarded it.
125Based on this information, Langer, Connell and Wender postulated the 
following intermediate in the initial reaction of hexamethyldisilazane 
with an alcohol or amine in the presence of a protone
In this figure, X represents either an 0 or NH.
The similarity between the intermediates proposed by Grubb 
and LanRer et al. is obvious. The fact that silanol reacts differently 
from alcohols would be expected according to the mechanism proposed for 
a base catalyzed reaction by Grubb. If, indeed, an alcohol cannot form 
a species equivalent to (CH_) Si~0 as is formed by the action of a 
base on silanol, then either the mechanism is in error or the reaction 
will not occur. The fact that the reaction is retarded indicates that 
the mechanism is correct.
■Si(CH-)
In addition to studying several synthetic reactions for Bilyl 
derivatives of alcohols, Langer et al.^^ also studied the reaction of
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amines with hexamethyldisllazane. This Investigation was an extentlon
1 Oftof the work done by tfjorne, who reported the reaction of hexamethyl- 
dlsilazane with primary amines to give N-alkylamlnosilanes according to 
the reaction:
(ch3)3sinhsi(ch3)3 + rnh2 — » 2 (ch3)3sinhr + nh3
Langer ££ al. attributed the poor yields reported by Mjorne 
for the N-alkyltrimethylsllane to a basic reaction system and studied 
similar reactions in the presence of small amounts of acid (formed by 
the addition of trimethylchlorosllane). As expected, they found that 
the presence of acid in the synthesis of N-butyl and N-amyl trimethyl- 
silyl derivatives had a pronounced accelerating effect on the reaction. 
However, this catalytic effect was found to be limited to the reaction 
of hexamethyldisllazane with primary amines; secondary amines did not 
react with hexamethyldisllazane even in the presence of significant 
amounts of acid. They suggested the use of this reaction as a means 
of separating or identifying primary aliphatic amines in the presence 
of secondary and tertiary aliphatic amines. Thus, in the mechanism 
proposed by Grubb and intrinsically endorsed by Langer e£ al.. the latter 
authors attributed lack of reaction of secondary and tertiary amines to 
steric effecta--the approaching amine molecule was considered to be too
big for a conventional displacement reaction.
127In 1962, Pump and Wannagat extended the ideas above and 
presented three different mechanisms for'the reaction of amides (not 
amines) with hexamethyldiailazane, all of which involved nucleophilic
attack by the amide nitrogen on the silicon.
In contrast with aliphatic alcohols and amines, phenol is 
similar to silanol in that it does form salts with hydroxide. Thus, it 
should react in a manner similar to silanol and bases should act 
catalytically. In 1963, Ismail determined that this was the case by 
finding that the reaction of phenols with hexamethyldisllazane was
catalysed by 0.5 mole-percent alkali. He proposed the following reaction
i 97asequence:
2(CH3)3SiNHSl(CH3)3 + 2Ph0~-- > 2(CH3)3SiNH_ + 2(CH3)3SiOPh
2(CH3)3SiNH“ + 2 PhOH -- >  2(CH3)3SiNH2 + 2(CH3>3SiOPh
2(CH3)3SiNH2 -- » (CH3)3SlNHSi(CH3)3 + NH3
A similar mechanism was proposed by Henglein and Scheinost who
studied the reaction of trimethylchlorosllane with the hydroxyl group in
glucose and pectins in formamide, with varying amounts of pyridine. They
12?boffered the following mechanism to explain their results:
128 129In a similar vein Birkofer e£ al.. Prey and Kubadinow,
130and Horll et al. have proposed the interaction of pyridine in the
mechanism. Pierce, however, has pointed out that in none of these
cases is there evidence that pyridine is anything other than merely an
109HC1 acceptor or catalyst for the decomposition of formamide. In
support of this contention and therefore in objection to the mechanisms
131involving a pyridiniunr-trimethylchloride complex, Sweeley and Vance
found that pyridinium chloride alone did not catalyze the reaction of
glucose and hexamethyldisllazane in pyridine.
Various kinetic studies have been made to better understand the
132silylation mechanism. Klebe and Bush found that the silylation of
alcohols with N-trimethylacetanilldes obeys a second order rate equation,
the rate being dependent on both the concentration of the alcohol and. the
silylamide. Several studies have been made of the "de-silylation"
process, that is, the removal of a trimethylsilyl group from a completely
silylated molecule by interaction with the solvent. Mclnnes ’
initiated a study of the rate of alcoholysls of trialkylalkoxysilanes.
He found that considerable differences exist in the rates of methanolysis
of different types of hydroxyl groups (primary, secondary, etc.) and
that these differences could be utilized for synthetic purposes in the
133chemistry of polyhydroxyl compounds. One study involved the rate of
methanolysis of methyl-2,3,4,6-tetra-0-trimethylsilyl-Qf-D-glycopyranoBide
using acidic or basic catalysts. Specifically, Mclnnes found that the 
trimethylsilyl group in the six position of the glucose moiety is 
removed preferentially with the concomitant formation of methyl-2, 3,4- 
tri-O-trimethylsilyl-a-D-glucose according to the following:
They determined that the reaction can be catalyzed by an organic acid 
as well as an alkoxide ion. However, in their experiments acetic acid 
was used and found to be about one-twelfth as efficient a catalyst as 
the methoxide ion. Mineral acids such as HCl and on the other
hand, were at least four times more efficient than the methoxide ion. 
Although the results of this work did not allow definite conclusions 
about the exact nature of the mechanism to be drawn, Mclnnes did postulate 
that the reaction proceeds either by an mechanism or by a mechanism
involving a pentacovalent-silicon intermediate in which the silicon




A few other similar studies have been made, for example, on
| q r  I i d
(CH3)3SiOPh and methoxytrimethylsllane. In the first case, base 
catalysis is more effective than acid catalysis, but in the second
instance, the reverse is true.
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Basically, the work of all the authors mentioned above can be 
summarized in the following significant conclusions:
(1) the silylation reaction is second order, being 
directly dependent on the concentrations of both 
the silylation reagent and the compound being 
silylated.
(2) the transition state or intermediate involves 
nucleophilic substitution on the silicon atom.
D. THE TRANSITION OR INTERMEDIATE STATE
The conclusion cited in the previous section” namely, the
transition or intermediate state involves nucleophilic substitution on
137the silicon atom— is not as clear-cut as it may seem. Eaborn has
pointed out the fallacy of considering the termB "transition state" and
"intermediate state" to refer to the same molecular configuration. He
postulates the following sequence of steps in the exchange reaction
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Transition Stp.te Complex Transition State
In this reaction sequence, Eaborn describes the complex as having a 
definite life and, therefore, as being detectable--at least in principle- 
by physical means. In this mechanism the pentacovalentsilicon complex
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postulated by other authors is explained as being a stable entity 
3because of sp d hybridization of the silicon orbitals (as opposed to the 
3sp hybridization with the entering and leaving groups moving along the
axis of a single p orbital as postulated for S^2 reactions in carbon
chemistry). At least one experimental study has been made to test this
139hypothesis, Chipperfield and Prince studied the rate of hydrolysis
of i-Pr^SiCl very closely for some indication of a stable Intermediate,
They found that the reaction rate was the same at 4.5 milliseconds as at
20 seconds and concluded that either there was no stable intermediate or
it was formed and decomposed quicker than they could detect experimentally.
Other workers have extensively discussed various reaction
mechanisms and have generally agreed that there are probably a number of
136different reaction mechanisms operating in organosilicon reactions
w
To detail each of these mechanisms here is beyond the scope of this work
(i.e., there have been Beveral books or parts of books written on the 
109 136 137subject ’ ’ in addition to countless articles. The mechanism is
not of paramount importance to the application of the reaction to the 
problem with which this dissertation is concerned. However, it is 
interesting to note some of the observations which any mechanism must 
explain and, in conclusion of this section, these can be summarized here:
(1) For a number of reactions, silylation proceeds 
according to a mechanism similar to the S^2 reaction 
of carbon chemistry since Walden inversion occurs.
(Ref. 137, p.107).
(2) For a number of reactions, particularly those 
involving silicon in a "bridgehead" position, Walden
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Inversion does not occur.
(Ref.109, p.49).
(3) Molecules containing silicon in a "bridgehead" 
position such as triethyl- and tri-n-propyl-silane'*'^ 
and even the molecule containing all six-membered 
rings (l-silabicyclo[2,2,2]octane) will undergo 
reaction readily whereas their carbon "bridgehead" 
analogs will not.'*'^
(4) Compounds containing silicon atoms with double or 
triple bonds are not known.
(Ref.137, p.113).
(5) Both acids and bases are known to catalyze silylation 
reactions.
(Ref. 109, p. 53).
(6) No stable Intermediate has been experimentally
139detected.
CHAPTER IV
EXPERIMENTAL FORMAT AND GAS CHROMATOGRAPHS
A. INTRODUCTION
Experimental \̂ ork on this research project (which was 
strictly a gas chromatography research project) was severely hampered by 
lack of a gas chromatograph which could be routinely used for experi­
mental purposes. Over the course of several years, a total of at least 
nine completely different gas chromatographs which were located in three 
different buildings were used for this study. In almost every one of 
these cases, the instrument was also being used by one or more other 
people and routine day-in and day-out usage was virtually Impossible.
In some cases (as in the case of Chemistry Departmental equipment) usage 
was confined to only a few hours per day (a result of the fact that 
other persons had to use the equipment to monitor reactions dally, etc.). 
Of course, under such circumstances quantitative gas chromatography is 
almost impossible.
In the case of the two instruments loaned to us through the 
courtesy of the United States Department of Agriculture, Cotton Insects 
Research Laboratory (located on the southern boundary of the Louisiana 
State University Campus at 4115 Gourrier Avenue), a significant amount 
of time was spent attempting to repair these instruments which were 
loaned on a "if you can fix them, you can use them" basis. Despite 
several months of repairing, modifying, reconstructing, and, on the 
whole, almost re-building both instruments, the work which was
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accomplished on one of these instruments was found to vary too much 
for quantitative consideration because of a detection system which 
would routinely build up deposits of silicon dioxide which would 
steadily decrease the detector sensitivity. Thus, it was decided to 
use the other instrument and, indeed, a great deal of work was done 
with its usage (and the results seemed to indicate non-quantitative 
silylation). Unfortunately, this instrument eventually had to be 
returned to another department on campus for their use and, consequently, 
arrangements for the completion of this work had to be made elsewhere.f
The department to which we returned the instrument decided to have the 
entire gas chromatograph revamped by competent professional help. When 
it was discovered that there existed two intermittent (small, but 
significant) leaks in the instrument's plumbing and one rather large 
leak due to a hidden crack in the flame ionization detector, doubt was 
cast on the work done concerning this research project. Consequently, 
relevant information was discarded (regretfully).
For any quantitative work, the method by which accurate numbers 
are attached to raw data (for example, in gas chromatography, the method 
of attaching a number representing the area of each peak to a chromato­
gram) is of utmost importance. Thus, the research accomplished in this 
project was also limited by the fact that, until the later stages, there 
were only manual integration techniques available. While these techniques 
are successful when: (1) only semi-quantitative information is desired;
(2) the peaks are well separated and "ideal" on the chromatogram; and
(3) only a small number of peaks are to be integrated, they were not 
successful in this study since not one of these criteria was applicable
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to this work. Thus, it was only when sources from outside the department 
provided better methods of integrating (culminating in the use of an 
electronic integrator) that this problem was solved.
Therefore, the work described hereafter in this dissertation 
will be a discussion of only the data in which there is the utmost 
confidence but this (as can be noted from the foregoing diacussion) 
represents only a small part of the data actually obtained.
Initially, the purpose of this research project was simply to 
investigate which components of sugar cane juices (from cane juice to 
molasses) could be successfully derivatized using some selected silyla­
tion procedure and then to quantitatively analyze these components using
the techniques of gas chromatography. It was hoped that some method of
2avoiding the drying procedure of Sweeley et al. could be developed. When 
this study was initiated and for several years thereafter, we did not 
have access to any suitable Bample drying equipment and there were no 
reagents available commercially which would derivatlze carbohydrates in 
the presence of water. As time passed, however, we did gain access to 
the necessary drying equipment and commercial reagents eventually became 
available for derivatization of incompletely dried samples.
It was also thought initially that the use of an internal 
standard could be avoided by using careful injection techniques with 
precision syringes. This, as will be discussed further, was not found 
to be true.
Lastly, it was thought that if the above goals were accomplished 
successfully, perhaps then the "Sugar Sil" kit which, contains a number 
of sugar trimethylsilyl derivatives in hexane solution (described more
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completely In Chapter V) and which is available from Pierce Chemical 
Company could be used to prepare stable standard sugar solutions. The 
use of such a kit would enable us to keep standard solutions much longer 
since decomposition is less rapid than in pyridine.
Thus, as with any research project, a number of investigations 
were attempted which proved to be futile aB far as their directly 
leading to a solution of the problem at hand 1b concerned. In many of 
these efforts, the equipment and materials used are also common to 
other work which was attempted. Thus, it is difficult to unify all 
materials, equipment and methods used under any one heading and at any 
one place herein but, on the other hand, it 1b also inconvenient to 
repeat these descriptions over and over.
For these specified reasons, the gas chromatographs used in 
this work will be described completely here and will be denoted by 
Roman Numerals. In subsequent sections of this dissertation, references 
to gas chromatographs used will be in terms of these Roman Numerals. By 
this means, we will avoid the cumbersome descriptive material needed to 
explain which chromatograph was employed every time one is mentioned. 
This is particularly convenient in sections where the results on one gas 
chromatograph are compared with those on another.
Other materials, equipment and methods will be described when 
they are first mentioned. Thereafter, if Borne particular piece of 
equipment is used which has already been described, a reference will be 
made to indicate the place herein that the description was initially 
given. In this manner, it is hoped that several publications based on 
the research work done in order to write this dissertation can be
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presented virtually intact.
B. GAS CHROMATOGRAPHS USED IN THIS PROJECT
For simplicity in the experimental portion of this work, 
all gas chromatographs used at any time in this project are described 
below. In the remaining portion of this dissertation, the Roman Numeral 
used to number each of the gas chromatographs listed below will be used 
to denote that instrument (e.g., GC-I, GC-II, etc.). Any other pertinent 
information will be presented in the discussions of these gas chromato­
graphs .
GC-I; Beckman GC-5 Gas Chromatograph, equipped with dual
SE-52, 8* x 1/8" aluminum columns. Flow rates
were: helium = 27 ml/minute, hydrogen a 100 cc/
minute, and air = 250 cc/minute. This Instrument 
was constructed with a 10 to 1 splitter. It was 
set up according to its manual and provided for 
our uBe by the Department of Chemistry.
GC-II; MlcroTek GC-2500 Gas Chromatograph, equipped with
an SE-52 packed aluminum column measuring 8* x 1/4" 
(this Is a single column instrument). All flow 
rates were adjusted In accordance with the manual.
GC-DIt IDS Chromatograph Model 20, Barber Coleman Co.,
4
Wheelco Instruments Division. This instrument 
was used as set up In the Chemistry Department 
equipped with an SE-30, 100' capillary column.
Flow through the column was adjusted to a 
6 mi/mlnute, with other rates adjusted according 
to the Instrument manual to give a good flame in 
the detector. Samples of 0.2jjl1 were injected, but 
there is a splitter which exhausts 150 ml/minute.
MicroTek 2500-R Gas Chromatograph, equipped with 
a dual flame ionization detector. Dual, 6' x 1/8" 
stainless steel columns, packed with 3% SE-52 on 
acid washed DMCS treated, high purity 80-100 mesh 
chromsorb W were used.
Hewlett-Packard 7621 Gas Chromatograph, equipped 
with a model H-110 7127A strip chart recorder and 
a model 7670 automatic liquid sampler. The column 
used was the one supplied for demonstration 
purposes, a 3% Ucon W-98 on Chromsorb W, high 
purity, 80-100 mesh, 10' x 1/8" stainless steel 
column.
MicroTek MI-220 Gas Chromatograph connected to a 
Honeywell recorder. This was a prototype 
instrument with a dual detection system and on- 
column injection into dual columns.
F & M Biomedical Gas Chromatograph Model 400, 
equipped with a single column. The same column 
used in GC-I was placed in this instrument. All 
flows were adjusted to manual specifications.
GC-VIII; MicroTek MT-220 Gas Chromatograph connected to a 
dual channel Tracor solid state electrometer and 
a Hestronics Model Lll-A recorder. The stainless 
steel column was packed with 3% SE-52 on Chromsorb
i
W, high purity, 80-100 mesh prepared according to 
the directions accompanying a Hl-Eff Fluldizer, 
Applied Science Laboratories, College Station, 
Pennsylvania.
GC-IX: See the gas chromatograph described In Chapter
VIII, page 159.
MATERIALS
Normal paraffins were obtained from the following sources:
1. We obtained a quantitative mixture containing C-10, 
decane, 6.71%; C-12, dodecane, 13.25%; C-14, tetra- 
decane, 20.12%; C-16, hexadecane, 26.60%; and C-18, 
octadecane, 33.32% In chloroform as quantitative 
hydrogen mixture K-202, Lot No. 702-69 from the 
Applied Science Laboratories, Inc., State College, 
Pennsylvania.
2. C-20, n-Elcosane, as part of Polyscience Kit No. 260, 
was purchased from TekLab, Inc., Baton Rouge, 
Louisiana.
3. C-22, n-Docosane; C-24, n-Tetracosane; C-28, n-Octa- 
cosane; and C-32, n-Dotrlacontane were purchased
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as pure chemical compounds from Lachat Chemicals, Inc., 
Chicago, Illinois.
Sugar trimethylsllylderivatives (with the exception of those 
which we prepared as part of this work) were those supplied by Fierce 
Chemical Company, Rockford, Illinois, as part of their "Sll Sugars" kit. 
(See further description in Chapter V).
Hexane solvent used throughout this work was "Chromatoquality 
Reagent" (99+ molZ), Mathe8on Coleman and Bell.
CHAPTER V
PRELIMINARY SILYL SUGAR EXAMINATIONS
A. INTRODUCTION
A preliminary examination of the silyl derivatives of a 
number of sugars (listed below) was conducted on GC-I using a 
commercially available kit (Sugar Sil Kit, Pierce Chemical Co., Rockford, 
Illinois) containing the following trimethylsilyl sugar solutions,













Of these twelve silylated sugar solutions, maltose, lactose, 
and sucrose are the only disaccharides, the rest being monosaccharides
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(see Appendix I for the structures of these sugars).
It was found that virtually every sugar yielded a number of 
peaks on its chromatogram, usually one major and several minor peaks.
These smaller peaks, it was decided, could be due to one or more of the 
following considerations:
(1) Impure sugars used as starting materials (containing 
other sugars as impurities).
(2) The presence of a number of anomeric forms of the 
sugar derivative in solution.
(3) The presence of extraneous peaks due to incompletely 
silylated sugar derivatives.
Of these three considerations, number 1 was tentatively
eliminated when this author was assured that the "purest sugars money
142can buy were used as the starting materials." Similarly, number 3 was
eliminated based on assurances that production conditions insured complete 
142silylation and based on the work of a number of authors, such as 
2Sweeley et al. , who also obtained a number of peaks from each sugar 
even when conditions were used which favored complete silylation. Thus, 
number 2 was considered the primary explanation which should be examined.
The only concrete way in which the several peaks obtained from 
each sugar can be properly examined to determine their structure is by 
combined gas chromatographymaas spectroscopy. While such work is 
practical only where there is instrumentation designed for the purpose 
(which was not available to us) and certainly was not in the scope of 
this particular project, some information was found in the literature in
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which structures were assigned to the peaks resulting from some of the 
sugars investigated herein.
143The first paper we will consider was written by DeJongh et al.. 
who used this technique to identify minor components formed in the 
trimethylsilylation of equilibrium mixtures of D-galactose and D-glucose 
(as well as three deuterated analogs of glucose, 3-O-methyl-D-glucose, 
2-acetamido-2-deoxy-D-galactose, and the products resulting from glycosi- 
dation of D-galactose and D-glucose).
B. TRIMETHYLS 1LYLATED D-GLUCOSE
For D-glucose, the peaks obtained from the Sugar Sil kit were
readily identifiable because the major anomers were contained in separate
hexane solutions as tr-D- and 0-D-glucopyranose. That these compounds can
be separated and prepared individually is of advantage since DeJongh et 
143al. found experimentally that the mass spectra of penta-O-trimethyl- 
silyl-cy- and -0-D-glucopyranoses are identical. Figures 55 and 56 show, 
however, that the solutions in the Sugar Sil kit are not anomerically pure 
since some alpha appears in the beta-glucose solution and vice versa.
To better examine the nature of the chromatogram obtained from 
glucose, since this sugar was one of the three of primary concern in this 
work (fructose and sucrose being the other two), an aqueous solution was 
prepared and allowed to mutarotate overnight. Mutarotation is a phenomenon 
which has been known for over one hundred years (i.e., the mutarotation of 
glucose was first followed experimentally by watching the change In
optical rotation of a freshly prepared solution of a-D-glucose on standing
143aby Dubrunfaut in 1846). He now understand that the phenomenon is due
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U> thu establishing of a complex equilibrium between a number of forms
of the sugar In solution. For D-glucose, it is usually postulated that
there are five forms: Of-D- and p-D-glucopyranose, a-D- and 0-D-gluco-
furanose, and the straight-chain or aldehydo-glucose (see ref.l, p.54).
The chromatogram obtained from the mutarotated D-glucose
solution after drying of the sugar solution and trimethylsilylation is
displayed in Figure 31 and discussed more fully in connection with the
section of this dissertation in which it appears. The important thing
to note here is that four definite peaks and one peak appearing as a
slight shoulder on the c*-D-glucopyranose peak were observed. This is in
2disagreement with Sweeley ejt al. as well as anumber of other authors
and could be due to their use of an attenuation which was just sufficient
to display the main glucopyranose peaks on the chromatogram (that is, the
minor peaks were simply too small to be observed). In this work, the large
peaks were allowed to go off of the paper in order to observe the minor
143ones. DeJongh et al. noted three peaks at the attenuation used. They
suggested that it was the "y form" which Sweeley and co-workers had
observed for other sugars but not for D-glucose. Not only do DeJongh and
his associates fail to offer any explanation as to why they observed the
2"extra" peak as opposed to the work of Sweeley et al. , but the peak is 
not located in relation to the peakB for alpha and beta glucopyranoses.
The DeJongh group does, however, study the peak (wherever it is) and 
concludes, based on its mass spectra, that the minor component can be 
assigned to penta-0-trimethylsilyl-<y- or -|3-D-glucofuranose. They note 
that the second anomeric furanose component is probably obscured by the 
pyranose peaks. Assignment of a definite structure to the minor peak 
which is observed (whether it is the alpha or beta glucofuranose) is not
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possible since the mass spectra does not distinguish between them.
If it is assumed that the minor peak referred to by DeJongh and
co-workers was the one which we observed to be eluted before or-D-gluco-
pyranose (since it is the next most intense peak besides the pyranose
peaks) then it is easy to understand why the other two peaks which we
143observed were not observed by DeJongh _et al. Only by running the
chromatogram with the attenuation very low could the peaks between the
two main peaks be observed, one as a slight shoulder on the tail of the
cv-D-glucopyranose peak and the other about two-thirds of the distance
between them. On many chromatograms, the middle peak was not significant
enough to trip the electronic integrator into integrating (the integrator
assumed it was just a drift in the baseline). It was only through
carefully adjusting the temperature of the column that the peak was
"peaked-up” enough to be observed and integrated. The peak occurring
on the tail of the pyranose peak was even more difficult to observe and
impossible to separately integrate. It is estimated that its area
amounted to perhaps one-half of one per cent of the total area of all
peaks observed for glucose.
While there is no direct proof for the existence of the open-
chain form of glucose in solution (see ref.l, p.54), it has been
estimated, based on results from polarographic studies with the dropping-
mercury electrode, that the reducible form in glucose solution is very low
144-1415in concentration being about 0.024 mole percent. While the
estimate above for the area of the peak located on the tail of the or- 
D-glucopyranose peak is larger than this value, it is the lowest percent 
area of all peaks observed. Moreover, there may not be any correlation
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between the figures anyway. The polarographic studies were carried out 
at pH equal to seven, and the authors found that the amount of reducible 
substance present in glucose was very dependent upon the pH of the 
solution. Thus, the results obtained in this study where no effort was 
made to control the pH of the solution, where the sample was dried by 
evaporation at an elevated temperature, and where the sample underwent 
the process of silylation before being examined would only correlate 
with the results of polarography in a fortuitous manner if such corre­
lation did in fact exist.
If the above identifications are correct, the last peak to be 
identified— the one between the two pyranose peaks— must be due to either 
penta-O-trimethylsilyl-a- or -p-D-glucofuranose, whichever form is not 
identified as being the one which precedes o-D-glucopyranose. Although 
for the pyranoses the alpha anomer elutes prior to the beta anomer (and 
this is true for a number of sugar derivatives), there are also a number
of sugars where the opposite is true and not enough is known about gluco-
2furanose derivatives to predict which elution order would be followed.
It should be pointed out here that since the above information
pertains to chromatograms obtained on samples which we derivatized (as
opposed to the chromatogram from Fierce Sugar Sil standards), there is
no assurance that the other two possibilities (1) and (3) were not
responsible for the extraneous peaks obtained. The only justifications for
eliminating them are: (1) the several peaks were obtained on three different
commercially available glucose standards, (2) the peaks were obtained for
a variety of silylation conditions, (3) at least one extraneous peak has
143been examined in the literature and identified by mass spectroscopy.
C0 TRIMETHYLSILYLATED D-XYLOSE
The hexane solution of trimethylsilylated D-xylose produced the 
most "mysterious" set of chromatograms of all the sugars investigated.
The three chromatograms obtained on GC-I, GC-VIII, and GC-IX are shown in 
Figures 60, 9, and 10 respectively. It should be noted here that the 
work done on GC-I was done on one set of commercial standards, while the 
w^>rk on GC-VIII and GC-IX was done with a new set of standard preparations. 
In order to verify that the anomalous results obtained on GC-VIII and 
GC-IX, discussed below, were indeed as described herein, both chromato­
grams were obtained simultaneously by repeatedly injecting a sample from 
the same sample container into each of the chromatographs. Thus, the 
inconsistent results are not due to sample degradation or any other sort 
of change in the sample. The chromatograms on GC-VIII and GC-IX were 
entirely reproducible on each gas chromatograph each time the xylose 
standard was run.
Table I summarizes the results obtained on the chromatograms 
cited in the previous paragraph. Basically, the most troublesome 
difference which exists between the results from GC-VIII and GC-IX is 
the appearance of two distinct peaks on the latter prior to elution of 
the main constituent which do not appear at all on the former chromato­
gram. If the height of the peak which elutes right after the solvent 
peak is noted in Figures 9 and 10, it is obvious that they are essentially 
the same and that any peak which is larger than this one must be seen. 
However, in Figure 10 peak 2 (larger than this one) is seen to elute before 
the main component, and in Figure 9 there is no sign of this peak.
55
Table I
Comparison of Experimentally Obtained Trimethylsilylated D-Xylose 
Chromatograms with Those In Several References
Peak
No. Size* GC-I GC-VIII GC-IX
2Sweeley , 148 Ferrier
Ferrier and 
Singleton^^
1 t ---- ---- 0.53 * 0.60
2 s 0.72 ---- 0.74 0.72 * 0.75
3 m 1.00 1.00 1.00 1.00 1.00 1.00
4 s 1.15 1.17 1.24 1.25 1.37 1.37
5 s 1.68 + ---- ---- ----
6 s 1.81 t --- ---- ---- ----
7 s 2.46 ---- ---- ---- ---- ----
In Indicating the relative sizes of the peaks obtained on the chromato­
grams from GC-I, GC-VIII, and GC-IX, the following designations apply:
t denotes a component present in trace amounts; 
s denotes a small peak; 
m denotes the major peak.
These designations do not apply to the sizes of the peaks obtained in 
the referenced works necessarily (see text).
J,GC-VIII gave one extremely small peak instead of two peaks as obtained 
for GC-I. Its relative location was 1.94.
The displayed chromatograms in this paper show two peaks here which the 
author mentions only when referring to the paper which he authored with 
Singleton (see ref.148).
2NOTE: The relative retention times given by Sweeley et al. are based
on the location of the peak for af-D-glucopyranose as the reference 
peak while the two papers by Ferrier use (3-D-xylopyranose as unity.
In order to correlate their data with that obtained herein, all 
relative retention times are recalculated In this table using 
a-D-xylopyranose as the reference compound by assigning its retention 
time as unity.
Peak numbering is uniform in all figures.
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Numerous efforts were made to display the missing peak on 
GC-V1XX without success. Lowering or raising the temperature and changing 
the attenuation did not reveal its presence. It simply was not found to 
be on the chromatogram despite its continued appearance on the GC-IX 
chromatogram. No explanation can be offered for this data.
The appearance of a number of peaks after the main one on the 
GC-X chromatogram is probably due to impurities in the first Sugar Sil 
kit purchased. Evidently, production conditions were better the following 
year when the second kit was purchased for the only peak which could be 
identified with these extraneous peaks was a small "blip” at a relative 
retention time of about 1.9 on the chromatogram obtained on GC-VIII.
This blip corresponded to the double peak at relative retention times of 
1.68 and 1.81 observed on the GC-X chromatogram. It did not appear on 
the GC-IX chromatogram. Similarly the peak at a relative retention time 
of 2.46 on GC-I was not observed on GC-VIII and GC-IX and was probably an 
impurity in the first Sugar Sil kit (or a degradation product in that 
particular bottle).
The comoonly occurring crystalline form of D-xylose is the
2alpha form (see ref.24, p.98) and Sweeley et al. used it to show that the 
peak at a relative retention time of 1.00 in Table I was due to that 
anomer. The other large peak which formed when D-xylose was derivatized 
after aqueous equilibration was then assumed to be the beta anomer, j3-D- 
xy lopyra no s e.
Ferrier and Singleton^^ isolated the major peaks obtained on 
an equilibrated sample of D-xylose using preparatory gas chromatography 
and studied the derivatives using nuclear magnetic resonance. In all,
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four peaks were detected in the area ratio 3,3,47, and 47 (in order of
their elution). The two dominant peaks were found to be fully deriva-
tized (based on the absence of an OH absorption band in the infra-red
region) pyranose rings (based on NMR results) which eluted from the gas
chromatograph alpha before beta (in agreement with the assignments by
Sweeley et al.).
Significant in the comparison of these two papers is the fact
that the trimethylsilylation procedure followed by Ferrier and Singleton
149was based on the work of Hedgley and Overend in which the sugar is
first dissolved in pyridine before the addition of trimethylsilylation
2reagents. Sweeley and co-workers point out that new mutarotation
mixtures are established on heating with pyridine for most sugars and
that the resulting equilibrium between anomeric forms is not usually the 
same as established in aqueous solution at room temperature. Table II 
indicates the results which the Sweeley group obtained for a number of 
sugars in aqueous equilibrium and in pyridine equilibrium and how these 
results compare with other methods. The significant point is that the 
results of Ferrier and Singleton do not agree with these results except 
in the case of lyxose. Most significant to this discussion is the fact 
that the relative sizes of the peaks for Of-H-xylopyranose and 0-D-xylo- 
pyranose are reversed from the results of Sweeley e£ al. Thus, a casual 
reading of the two papers seems to indicate that someone is erroneous in 
their peak assignments (when one paper is compared to the other). The
fact, however, is that the major peak obtained in one paper is not due to
the same anomer which produces the major peak in the other paper, -at least 
when Fig.l in ref. 148 is compared with Table I in reference 2. (Actually,
Table II
The Composition of Equilibrium Mixtures as Determined by Gas Chromatography of Trimethylsilylated Derivatives3
Aqueous Equilibrium Solution Pyridine Equilibrium
c cGas Chromatography Bromine Oxidation Optical Rotation Gas Chromatography
Sugar Of B y Of e Of 8 Of B y
Arabinose 50.8 43.8 5.4 . 67.6 - 32.4 73.5 26.5 31.9 53.1 r s . o
Lyxose 74.1 25.9 — 79.7 20.3 76.0 24.0 71.8 28.2 Trace(2)
Xylose 41.3 55.2 3.4 32.1 67.9 34.8 65.2 45.9 42.8 11.3
Galactose 31.9 62.6 5.4 31.4 68.6 29.6 70.4 29.9 45.8 24.3
Glucose 39.8 60.2 -- 37.4 62.6 36.2 63.8 47.3 49.5 3.2
Hannose 72.0 28.0 -- 68.9 31.1 68.8 31.2 78.3 21.7 ---
Talose 83.8 16.2 -- 55.9 44.1
Haltose 44.9 55.1 ... 37.7 62.3 36.0 64.0
aThis Table is reproduced from Reference 2, page 2502.
^The pyridine "equilibrium" solutions were prepared by refluxing 10 mg of sugar with one ml of dry pyridine 
for 40 minutes and then treating immediately with silylation reagents.
CThe values for equilibrium solutions obtained by bromine oxidations and by optical rotations are taken from 
Bates et al. (Reference 12).
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although the alpha anomer seems to give a larger peak in Figure 1 of
reference 148, the areas from each indicate the alpha and beta anomers
are equal In concentration). Ferrier in another paper has discussed
148these results from a theoretical viewpoint.
147Ferrier and Singleton make no effort to study the smaller
2peaks they obtained. Sweeley et al. , on the other hand, express the 
opinion that these other components are probably furanose modifications, 
since it has been established that the proportions of the pyrano- and 
furanoacetates of galactose, in dry pyridine, vary according to the 
temperature.*"*0 While there is no real justification for applying 
conclusions drawn from studies involving galacetoacetates to xylosilylates, 
the point is that the reaction procedure used by Ferrier and Singleton 
probably encouraged the formation of furanose modifications. Thus, as is 
seen to be the case in Table II herein, Sweeley et al. showed that 
establishing a pyridine equilibrium under reflux conditions produced an 
increase in the percent of the peak attributed to the furanose modifi- 
cation(s) from 3.4 percent in aqueous solution to 11.3 percent in the 
pyridine solution (these are percents of the total area of all anomers 
and may differ .somewhat from the actual percent of that anomer present 
if detector response factors differ for the various conformations).
Thus, in conclusion, the major peak which we observed in the 
Sugar Sil kit D-xylose sample is due to af-D-xylopyranose; the peak which 
follows it is p-D-xylopyranose; and the small peak which precedes it is 
either a- or p-D-xylofuranose; the peak preceding this one in trace 
quantities is either the other furanose form or the linear modification 
of the sugar.
D. TRIMETHYLSILYLATED D-GALACTOSE
143The other sugar investigated by DeJongh et al. in addition 
to glucose was D-galactose. In several different chromatographic studies, 
the Sugar Sil kit product displayed one very dominant peak centered in a 
number of smaller peaks (see Figures 54t 7 and 8). Since the usual 
crystalline form of this sugar is a-D-galactopyranose, it is likely that 
this is the modification which was used in the preparation of the hexane 
solution in the Sugar Sil kit.
DeJongh and co-workers found three separate peaks on the
chromatogram obtained after trimethylsilylation of the equilibrated sugar
solution. The three peaks were designated A, B, and C by these authors
in order of their appearance. C was the largest peak; B was about two-
thirds the size of C, and A appeared in trace amounts. This was in
agreement with Sweeley et al. who described the appearance of three
peaks, the first designated as "small" and the last considered to be the
2"major" peak for a derlvatized equilibrium galactose solution. Moreover, 
these authors compared the chromatogram from an equilibrated mixture to 
the chromatogram for. a sllylated sample of authentic a-D-galactose end 
found that the middle peak on the chromatogram for the equilibrium mixture 
corresponded to this modification of the sugar. DeJongh et al.. on the other 
hand, found that the peaks B and C gave identical mass spectra. Thus, 
based on the same logic applied to D-glucose (discussed in that section 
herein), they designated that these two peaks were due to two pyranose 
modifications, alpha eluting before beta, in agreement with the designation 
by Sweeley et: al. The DeJongh group also determined that the small peak
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appearing before a-D-galactopyranose was a furanose form, but could not, 
from the mass spectra, decide whether it was penta-O-triraethylsilyl-a- 
or -0-D-galactofuranose. This identification was based, in part, on the 
similarity between the mass spectra obtained for the peak in question 




The fact that the equilibrium mixture resulting in a hot 
pyridine solution of D-galactose favors the formation of furanose forms 
more than does the aqueous solution (see discussion under "Trimethyl- 
silylated D-xylose" in the previous section) has been used to study the 
so-called ^-component of the sugar.151,152 secon(j paper referenced
is a re-examination and extension of the work done in the first paper.
152In this work a solution of anhydrous a-D-galactopyranose in 
redistilled and dried pyridine was maintained at 80°C for eight hours 
before derivatization with hexamethyldisilazane and chlorotrimethylsilane. 
Preparative gas liquid chromatography produced four isomers in greater 
than 99.9% purity which were examined by infra-red and nuclear magnetic 
resonance spectroscopy. Optical rotation data was also obtained for each 
D-galactoside in chloroform solution.
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Neither hydroxyl nor carbonyl bands were observed in either 
spectroscopy study, thus indicating that all four tautomers were fully 
silylated ring structures. The authors found that after the treatment 
described above, the distribution of tautomers at equilibrium was as 
shown in Table III. After maintaining the solution at 25°C for several 
weeks, a new distribution of tautomers was found. This information is 
also included in Table III. Mathematical analysis of the peaks obtained 
for each form of the sugar on the gas chromatograph at a column tempera­
ture of 80°C indicated that the presence of additional, unresolved 
compounds is unlikely.
Application of this information to the peaks obtained on the 
Sugar Sil kit preparation of D-galactose in pyridine is difficult in that 
a different temperature was used to achieve separation of peaks than was 
used in the papers referenced. Moreover the number of peaks is consider­
ably more than they obtained (the exact number of peaks is difficult to 
determine at the column temperatures used since some may be caused by 
overlapping of adjacent peaks). This indicates that there are some peaks 
due to other modifications of D-galactose present, but in trace quantities, 
and the rest are probably due to a small amount of another sugar present 
in the original D-galactose preparation.
E. TRIMETHYLSILYLAT ED D-FRUCTOSE
The statement is made in many of the references cited that 
trimethylsilylation occurs almost instantly or at least very soon after 
the addition of the proper reagents and that it is complete in just a 
few minutes. While this proved to be the case, essentially, for sucrose
Table XXX
The Percent Composition of D-Galactose Tautomers In Equilibrium 
la Hot and Cold Pyridine Solutions





aThis Table is based on data presented in reference 152.
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and glucose, fructose was found experimentally to yield different
chromatograms depending on the time elapsed since the addition of
2silylation reagents. Moreover, in conflict with Sweeley et al. who 
reported only one peak, we experimentally found that a number of peaks 
resulted. This was particularly the case with a freshly reacted sample 
of sugar, whether crystalline or mutarotated, but also applied to the 
chromatograms obtained for the Sugar Sil kit preparation as is shown in 
Figures 3, 4 and 53. While this phenomenon will be more fully discussed 
in the chapter of this dissertation dealing with fructose exclusively, 
the results of some other workers who have observed more than one peak 
and studied the structures of the various derivatives obtained will be 
discussed here.
H.-CH. Curtius and co-workers have noted and extensively 
investigated the occurrance of multiple peaks for trimethylsilylated 
fructose. They first observed multiple peaks while investigating the
sucrase-isomaltase enzymatic hydrolysis of sucrose into glucose and
153 2fructose. The derivatization method of Sweeley £t al. was used to
indicate the extent of hydrolysis. In agreement with the experimental
results which were mentioned above, Curtius jet al. also noted that the
pattern of peaks obtained for derivatized fructose, either crystalline
or from a lyophilized aqueous solution, depended on how long silylation
153was allowed to proceed. The peaks were given only a cursory exami­
nation in this paper since the enzymatic hydrolysis and the configuration 
of the glucose generated were the primary concern.
In later work, however a more thorough investigation was
undertaken using mass spectra and infrared analysis to characterize the
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3various peaks produced. In this work, the mass spectra of the following 
compounds were compared:
(1) fructose from the enzymatic hydrolysis of sucrose
(2) fructose, crystalline
(3) fructose, from lyophilized aqueous solution
(4) methyl-l,3,4,6-tetra-0-methyl-{3-D-fructofuranoside
(5) methyl-l,3,4,5-tetra-0-methyl-8-D-fructopyranoside
Compounds (4) and (5) were prepared according to the method of Bayer and 
Widder*-̂  and isolated with preparative gas chromatography.
The net result of all spectraLcomparisons and chromatograms 
studied showed that the following peak assignments could be made for the 






4 incompletely silylated derivative
5 incompletely silylated derivative
6 anhydro-D-fructose
The assignments for peaks 4 and 5 were based on the presence 
of an -OH band in the infrared spectrum which appeared in the spectra for 
these peaks but for none of the others. Similarly, the presence of a 
peak in the infrared spectra attributable to the carbonyl group was 
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Figure 2. TMS-Fructose Chromatograms Studied with Gas
Chromatography— Mass Spectroscopy. (Reproduced 
from Reference 3, page 217).
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This indicated that this peak was due to an open-chain form of the sugar. 
Absorption peaks attributable to the hydroxy group were lacking in the 
above spectra, but did appear in the spectra relative to peaks 4 and 5. 
Mass spectra agreed with these assignments. The authors also found that 
an equilibrium mixture of fructose in water contained 33 percent furano- 
side and 67 percent pyranoside, which was in agreement with work done by 
others.156^158
Relative to the present investigation, it should be pointed out
159that crystalline fructose exists in the j3-pyranose form and it is 
probable that the Pierce Sugar kit contains this form as the major peak 
and smaller amounts of the other forms. See Chapter VII of this disser­
tation for further discussion of fructose.
F. TRIMETHYLSILYLATED D-RIBOSE
The chromatogram obtained for the trimethylsilyl derivative of
D-Ribose consists of two nearly equal peaks and four very small peaks
before them as is shown in Figures 15, 16 and 58. Structural assignments
for these peaks, even the major ones, can only be tentative since there
is still doubt concerning the conformations of the ribose anomers.16^*161 
2Sweeley et_ al. has about the best discussion of the chromatogram obtained 
for the trimethylsilyl ether. They found that two major peaks resulted 
when the crystalline sugar was derivatized and three peaks resulted from 
an equilibrated sugar. Thus, it appears that the Sugar Sil kit prepara­
tion was not equilibrated. Even the assignments of these peaks is diffi­
cult, however, and Ferrier1^8 and Sweeley _et al.^ do not wholly agree on 
their assignments. The latter attributes disagreement to the use of a
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pyridine solution by the former (as has already been discussed herein
under "Trimethylsilylated D-Xylose"). Arreguin and Taboada have also
162surveyed D-ribose, although in somewhat of a cursory manner. They
present the mass spectra and NMR spectra of the trimethylsilyl derivative
of "D-Ribose" but fail to specify which peak was studied and do not
discuss their results at all. This is particularly regretful in this
paper since the "peak" for D-Ribose is used as a reference peak in
locating a large number of other peaks on the chromatogram. The
implication is that they observed one major rlbose peak instead of two.
The smaller peaks obtained on the chromatogram are likely due
to furanose and linear modifications. Cantor and Peniston^^ found that
a 0.1M ribose solution at pH 7 and 25°C contains 8.5 mole percent of a
substance reducible at the dropping mercury electrode and thought to be
2the free aldehyde. Also, the mutarotation curve is very complex.
G. TRIMETHYLSILYLATED L-AKAB1N0SE
Being a relatively uncommon sugar, derivatives of L-Arablnose 
have not received a great deal of attention in the literature. Indeed, 
the work of Sweeley and co-workers^ and of Ferrier*'^ seem to be the 
only studies of the trimethylsilyl derivative of L-Arabinose. Our 
results agree with these authors. Figures 51, 61 and 62 display the 
chromatograms obtained in this work. Apparently, the a-anomer is present 
to only a very small extent, as is shown better in Figure 61. The large 
peak, identified as the p-anomer is better separated from following peaks 
in this figure for a chromatogram obtained at 167° than in Figure 51 where 
the sample was run at 200°C. L-Arabinose is rather unusual in that the
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trimethylsilyl-B-anomer elutes before the trimethylsilyl-a-anomer. The 
other peaks obtained in the chromatograms have retention times much too 
large to be associated with L-Arabinose and are probably due to impurities 
in the sugar initially.
H. TRIMETHYLSILYLATED D-MANNOSE
Probably D-Mannose has been studied less as the trimethylsilyl 1
derivative than all of the other monosaccharides investigated herein.
Presumedly, this can be attributed to a rather clear understanding of
its action in aqueous solution and to its relative unimportance in
2biological systems. Sweeley et al. includes D-Mannose in tables of 
those sugars studied, but gives very little mention of it in the text. 
Apparently no other studies of the trimethylsilyl ether have been made.
As is shown in Figures 13, 14 and 57 derivatized crystalline 
D-Mannose gives two major peaks and two smaller ones. The two large 
peaks were identified by Sweeley ej: al. as being the a- and p-pyranoses, 
with alpha preceeding beta on the chromatogram. Oddly enough, the 
crystalline sugar used by Sweeley et al. was the p-anomer, but in the 
Pierce sugar kit, the crystalline a-anomer was used. This is not too 
surprising since both anomers can be crystallized fairly readily (see 
Appendix I).
The minor peaks in the chromatograms we obtained for derivatized 
D-Mannose are almost certainly due to furanose modifications. Although 
neither Sweeley nor anyone else has described their presence in this 
chromatogram, other work has concluded that the furanose modifications 
of the sugar are present only in trace amounts in pure aqueous solutions.*
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That these modifications must be present is verified by the tendency
of D-mannofuranose-CaC^ to crystallize from a mixture of calcium
X63 X64chloride and the sugar. * However, the observation that mannose
solutions undergo a simple rotation indicates that the amount of furanose
X65forms present must be very small. The chromatograms we obtained are 
in agreement with these considerations.
I. TRIMETHYLSILYLATED DISACCHARIDES
Virtually no work has been done concerning the identification
of the various peaks obtained on the trimethylsilyl derivatives of the
disaccharides run in this study, namely, lactose, maltose, and sucrose.
2Sweeley et al. investigated the chromatograms and presented relative
retention data but do not discuss the results obtained further. Of the
three sugars, the only one which gives more than one peak, according to
Sweeley (it: al.. is maltose. For this sugar the crystalline form is the
P-anomer, but in an equilibrium aqueous solution, the of-anomer predominates.
In our study, both lactose and maltose yielded more peaks than
described by Sweeley et al. For maltose, there appeared two incompletely
separated peaks in addition to those for the two main anomers (see
Figures 19 and 20), while lactose gave two peaks in addition to the one
obtained by Sweeley et al. (see Figures 17 and 18). To date, no mass
spectra or infrared studies have been made of any consequence although a
preliminary communication has indicated that preliminary studies are
underway.*^ Otherwise, proton magnetic resonance studies have been made
on the three sugars in an effort to determine the configuration of the
167glycosidic linkage therein with partial success. Of importance to the
investigation of molasses carbohydrates is the fact that sucrose yields
2only one peak in both this work and that of Sweeley and co-workers, thus 
making its determination less tedious than the monosaccharides (see 
Figure 21).
CHAPTER VI
KOVATS RETENTION INDICES FOR SILYL SUGAR PEAKS
A. INTRODUCTION
Initially there existed the idea that this research project 
could be greatly facilitated using commercially available trimethylsilyl 
sugars (as in the Pierce Chemical Company Sugar Sil Kit) as standard 
solutions in this work. This procedure, it was reasoned, would save 
time since there would be no drying of standards, give better chromato­
grams since hexane was the solvent instead of pyridine, and would give 
standards which would last longer since degradation and/or decomposition 
seems to take place much more rapidly in pyridine than in hexane. 
Moreover, it was felt that reproducible results could be obtained 
without the need for an internal standard if care were taken in measuring 
the volume of sample injected into the gas chromatograph.
To these ends, a great deal of work was done using a number 
of different syringes manufactured by Hamilton, Precision Sampling, and 
several other companies. Both sub-microliter and microliter syringes 
(0 to 2 and 0 to 10 microliter calibration) were used to carefully 
measure the volume injected. Also, various injection procedures were 
tried including *
(a) direct sample volume measurement techniques where the 
sample is pulled back into the barrel of the syringe;
(b) direct volume measurement techniques where the sample 
is allowed to remain in the needle (generally not
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recommended because of uncontroliable sample evaporation 
from the tip of the needle);
(c) several back-flushing techniques where solvent is used to 
completely wash out the sample;
(d) and a number of variations of the actual injection pro­
cedure (e. g., leaving the needle in the septum for "no 
time", one second, two seconds, three seconds, etc.).
After approximately a year of such work, it was concluded that reproduci­
bility was only good to within ten or fifteen percent using the best 
direct injection techniques. Usually, agreement was closer between runs 
during one day or perhaps somewhat longer, but on a long term basis, 
reproducibility was not very good. Fart of this disagreement was due to 
changing conditions in the gas chromatograph, but the injection technique 
was also responsible.
Thus, it was decided that a technique using an internal standard 
would have to be adopted. At about this time, this writer1 s attention was 
called to a paper by Halpem, Houmlner, and Fatal in which inert standards 
were used in the determination of the trimethylsilyl derivatives of glucose 
(alpha and beta anomers). While the use of these standards violated the 
general rule that the internal standard should be structurally similar to 
the u n k n o w n w h i c h  is generally suggested), the authors achieved quanti­
tative results. This merited the consideration of inert standards in this 
project. Such a standard, particularly, for example, a hydrocarbon which 
would be soluble in hexane, would still allow the Fierce Sugar Sil kit 
preparations to be used as standard solutions since the mixtures of 
internal standard and appropriate trimethylsilyl sugar ethers can be 
prepared and stored.
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The problem now resolved Itself, or so it seemed, into a 
problem of finding the most appropriate hydrocarbon to use. To answer 
this question, all that was needed was the "methylene unit" value of the 
sugar peaks which would be studied. Surprisingly, these values are not 
in the literature. This being the case, and since the methylene unit 
values of a large number of other substances potentially useful as 
internal standards are therein, it was decided to study some of the 
sugars at our disposal as a side project in order to determine the 
locations of the various peaks in terms of methylene unit values. A 
study of the various methods or systems for locating peaks on a gas 
chromatogram, however, resulted in the decision to present this data 
in terms of the Kovats Indices of the peaks in question since, as Is 
discussed in the following section, this system is preferred today over the 
"methylene unit" value system. From a pragmatic viewpoint, the difference 
between the two systems is academic since they differ only in the location 
of a decimal point.
B. REVIEW OF PEAK LOCATION METHODS
A large number of papers have been written concerning the
methods by which peaks should be located and the theoretical principles
170involved since James and Martin suggested that the retention time (or 
more correctly, the retention volume) of a pure substance is a charac­
teristic value which, for a particular gas chromatographic system, could 
be used for the identification of sample conponents. Several reviews 
have been written on this subject so that only a brief summary will be
171 172 presented here. ’
Simply stated, the retention volume for a compound is the volume
of carrier gas required to elute the compound from a given gas chroraato- 
169graph column. If the pressure on the column, and its temperature are
constant, the flow rate is linear with time and the retention time can be 
considered characteristic of that compound. However, there are a number 
of other factors, besides temperature and pressure drop, which do affect 
the retention time (volume) obtained for a compound, including:
(a) column dimensions (length and diameter)
(b) liquid phase (type, amount)
(c) type of carrier gas
(d) instrument dead volume
The last parameter can be eliminated by measuring the retention time of
the substance in question from either an air peak or the leading edge of
169a very volatile solvent.
To eliminate the large number of factors upon which the retention
time (volume) depends, Littlewood and coworkers advocated the use of what
they defined to be the "specific retention volume" as a characteristic
173value for a particular substance. Although the specific retention 
volume is theoretically an exact value, its direct calculation is virtually 
impossible because of the terms in which it is defined. (See reference 64, 
page 117).
Because of the numerous factors which must be controlled in order 
to reproduce the absolute retention time measured for a substance (even on
the same gas chromatograph from day to day), the difficulty in doing so,
and the virtual impossibility of comparing data from laboratory to
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laboratory, the use of "relative retention data" (where the behavior of
various substances is compared to that of one or more standard substances)
172has gained widespread acceptance. In this method of determination of
relative retention, both the sample component(s) and the reference 
substance(s) are analyzed under as near identical conditions as possible 
and usually mixed and injected together.
While the use of relative retention times based on one standard 
overcomes many of the objections of direct retention time measurement, it 
also has the disadvantage that it is impossible to fix any one standard for 
the almost infinite number of substances studied by gas chromatography.
The most widely used approach was to use some hydrocarbon (n-pentane, for
174example ) as a general internal standard. However, this approach did 
not eliminate the problems of comparing data obtained in one laboratory 
to that obtained in another.
Smith‘d  and Evans and S m i t h h a v e  proposed the use of "theo­
retical nonane values" as a method of correlating relative retention times„
In this system, the retention of a substance is determined relative to the 
retention time of the nearest n-paraffin and this value is then trans­
ferred to a system in which n-nonane is the standard. For other types of 
substances a number of other systems have been introduced. For steroids, 
for example, several systems have been advocated including the "group
retention factor" of C l a y t o n , t h e  "Revalue" of Knights and Thomas'*'^'
1 80and its derived quantity ftRyg » and the "steroid number" and "T-value"
181of VandenHeuvel and Horning.
For general applications a series of authors introduced a number 
of terms and methods for locating peaks relative to more than one hydrocarbon,
each pointing out the errors encountered when only one hydrocarbon is
182-184used. VandenHeuvel, Gardiner, and Horning, in a series of articles, 
used the term "methylene unit" to relate the retention time of the sub­
stance in question to the retention times of the straight chain aliphatic 
hydrocarbons which were eluted just before and just after that compound.
For example, a methylene unit value of 8.4 meant that the compound appeared 
4/10 of the distance between n-octane and n-nonane on the appropriate
chromatogram. Miwa et al. introduced the term "equivalent chain length"
183to denote the same thing. The desirable features of these systems 
included the fact that the specified values were independent of experi­
mental conditions for a specified column packing and carrier gas. Another 
nicety is that the terminology conveys exactly the meaning of the value 
obtained regarding where the peak appears on the chromatogram relative to 
the standards.
Finally, in 1958, Dr. E. Kovats proposed the introduction of the
186so-called "retention index system". In this system, the n-paraffins 
are used as fixed reference points and the retention times of other sub­
stances are located with reference to them. Originally, Kovats thought 
that only the normal paraffins with an even number of carbon atoms should 
be used as reference points, because it was felt that those with an odd 
number of carbon atoms would not fall along the same line as the others in 
a plot of the logarithm of adjusted retention volume (the retention volume 
of a substance corrected for the dead volume of the particular instrument 
being used) versus the number of carbon atoms for each sample. However, 
later this was found not to be the case and, consequently, the definition 
of the retention index concept could be adjusted to use all normal paraffins
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187as fixed points. Thus, Kovats showed that the retention index of a
172substance could be obtained from the following equation;
log V* - log v"
I = lOOn + 100   -
log v"+1- log V"
where V*, Vn, and vn+  ̂are the retention volumes of X and r* r* r
the n-paraffins with n and n+1 carbon numbers chosen so that X is eluted 
between them. It should be noted that in effect the use of this equation 
is equivalent to plotting log versus 1^ (=100n) and reading off the 
appropriate value of I which places log on the resulting straight line. 
Moreover, mathematically, the procedure is exactly the same as determining 
the "methylene unit" value of a substance except that the resulting reten­
tion index numerically is one hundred times the resulting methylene unit 
value.
The use of Kovats Retention Index system was widely accepted in
Europe even when virtually unknown in the United States probably because
188all of the original papers were published in either French or German.
187 188However, several efforts were made to rectify this situation * and, 
in 1965, the Institute of Petroleum Gas Chromatography Discussion Group 
Data Subcommittee investigated the question of the presentation of
189retention data and concluded that the Kovats method was the most reliable.
C. CALCULATIONS
Calculations of the Kovats Indices for each peak was accomplished 
in several steps, different from the procedure used by Kovats, but equivalent
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to it. First, the logarithm of the measured retention time was obtained
for each of the sugar's peaks and the hydrocarbons on either side of
them. Then, using mathematical techniques and a card-programmed Model 360
Wang calculator, the equation for the linear relationship between Log
Retention Time and the number of carbon atoms in the sample (referred to
hereafter as "carbon number") was determined. From the slope and intercept
of this equation, the "carbon number" for each sugar peak can be calculated.
This figure multiplied by 100 is the Kovats Index for that peak. This
procedure was verified by substitution into the formula given by Kovats
of the appropriate data to obtain the same Kovats Index by one method as
by the other. The "carbon number" thus calculated is identical in value
and concept to the methylene units value introduced by VandenHeuvel et 
182-184al. which has already been mentioned herein.
D. MATERIALS AND METHODS
Materials used in this section have already been described in 
Chapter IV. The gas chromatographs described in that chapter are referred 
to here by the appropriate Roman Numerals.
The general procedural technique was to prepare hexane solutions 
of the pure hydrocarbons available and then to mix these with the Applied 
Science Labs, preparation and the sugar derivative (from the Sugar Sil kit) 
being studied. Usually, several runs were necessary to determine which 
hydrocarbons had to be added and which omitted so that no sugar derivative 
peaks would be interfered with but that hydrocarbons gave peaks as close 
to the sugar peaks as possible. In this manner, the sugar peaks being 
studied were "bracketed" by hydrocarbon peaks. Because of the multiple
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peaks obtained from each sugar (usually) and the time required for their 
elution, it was impossible to introduce all hydrocarbons in numerical 
order (i.e., in some studies, only C-18 and C-22 could be added to the 
sugar sample since C-19, 020, and 0 2 1  would give peaks in the middle of 
the sugar peaks being studied). In practice, in order to maintain all 
peaks on the chromatogram, it was necessary to add hexane, hydrocarbons, 
or sugar derivative, whichever was required; thus the amount of each present 
is difficult to estimate and really inconsequential to the results desired.
In order to determine retention time, the chromatogram was 
marked manually each time a sample was introduced into the gas chromatograph. 
Measurements were made from that point to each peak maxima using an 
engineering ruler calibrated so as to directly read off the retention time 
in minutes for a chart speed of four minutes per inch. The locations of 
peak maxima were obtained visually.
E. RESULTS
It was rather difficult to decide the best way to present the 
data obtained from the various sugars examined. "Talking" about the 
chromatograms introduces the communications problem of continually having 
to denote the various peaks in a manner which is not confusing to the 
reader. It was finally decided that minimum confusion would result by 
presenting a sample chromatogram for each sugar studied with the sugar 
peaks numbered in agreement with the numbering on a corresponding table 
of results pertinent to that sugar. Thus, in the following section of 
figures and tables, no words of explanation are included. Indeed, none 
should be required since the chromatograms and tables are labeled and
grouped together with the information for each sugar presented immediately 
following a lone page bearing the name of that sugar.
As a uniform symbol in these tables, the presence of an asterisk 
denotes lack of information concerning the place it appears in the table. 
This was due to any one or more of several reasons. In some cases, peaks 
were observed on one chromatograph, but not on the other; in some cases, 
even though a peak was known to be present (by changing the attenuation), 
it did not appear large enough in relation to the major peaks for that 
sugar to merit consideration. Another problem was the presence of adjacent 
peaks which caused a change in the "apparent maximum" for a peak. In 
cases where this was known to be important, this peak was neglected. All 
of these chromatograms are more fully explained in Chapter V.
In all of the chromatograms from the "Sugar Sil" kit, a peak 
appeared somewhere after the solvent peak, generally with a retention time 
of three to four minutes, which we fondly dubbed "the Pierce impurity." 
While we did not consider its identification of importance to this study, 
it is likely that it is hexamethyldisiloxane (see ref.109, page 10).
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Kovats Indices for TMS-B-D-Fructose Peaks
Peak Run-1 Run-2 Run-3 Run-4 Run-5 Averages
GC-VIII
1 * * *
2 1864 1858 1861
3 * * *
4 1928 1928 1928
GC-IX
1 * 1820 1820 1820 * 1820
2 1856 1855 1856 1855 1855 1855
3 * * * * * *
4 1935 1934 1934 1933 1934 1934
Mote: Peak three was not sufficiently resolved to accurately determine
the peak maximum.
D-GLUCOSE










Figure 6. IMS-o r -  and -g-D-Glucose Ch 









Kovats Indices for TMS-D-Glucose Peaks
Run Peak-1 Peak-2 Peak- 3 Peak-4 Peak-1 Peak-2 Peak-3 Peak-4
GC-VIII 158°and 167°C GC -IX 158°and 167°C
1 * 1939 * 2038 1883 1930 2000 2038
2 * 1934 * 2034 1893 1943 * 2052
3 * 1929 * 2028 1888 1937 * 2039
4 * 1936 * 2038 1905 1933 * 2038
5 * 1930 * 2026 1902 1939 * 2046
6 * 1927 * 2020 1889 1936 * 2039
7 * 1923 * 2015 1884 1930 * 2025
8 * 1929 * 2022 1901 1928 * 2027
9 1898 1932 A 2033
Averages * 1930 * 2028 1893 1934 2000 2038
Note: Peak 2 is TMS-a-D-Glucose; Peak 4 is TMS-8-D-Glucose.
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Table VI
Kovats Indices for TMS-a- and -B-D-Glucose
Anomer Run-1 Run-2 Run-3 Run-4 Run-5 Averages
GC-VIII
At 180°C 
a-D-Glucose 1952 1953 1952 1947 1951

























































Figure 8. TMS-D-Galactose Chromatogram 
at l6T0C on GC-IX
I Il
















Kovats Indices for TMS-D-Galactose Peaks
Run-1 Run-2 Run-3 Run-4 Run-5 Run-6 Run-7 Run-8 Averages
GC-VIII at 167°C
1832 1835 1837 1832 1836 1837 1835
1858 1864 1864 1858 1864 1865 1862
1899 1914 1906 1900 1915 1906 1907
1928 1932 1931 1928 1933 1931 1930
1944 1946 1945 1945 1946 1946 1945
1968 1970 1968 1968 1971 1968 1969
GC-IX at 167°C
1856 1857 1854 1854 1856 1857 1855 1855 1855
1868 1870 1868 1868 1868 1870 1869 1869 1869
1904 1906 1904 1904 1905 1906 1905 1905 1905
* * * * * * * * *
* * * * * * * * *
1974 1973 1973 1973 1974 1973 1973 1974 1973
At times, additional peaks were seen on some chromatograms but 
these were judged to be overlap peaks.
D-XYLOSE
Figure 9- TMS-D-Xylose Chromato­











Kovats Indices for TMS-D-Xylose Peaks
Peak Run-1 Run-2 Run-3 Run-4 Run-5 Run-6 Averages
GC-VIII at 151°C
1 * * * * * * *
2 * 4c * * * * *
3 1744 1746 1746 1730^ 1746 1745 1745
4 1800 1800 1800 1800 1800 1800 1800
GC-IX at 148°C
1 1608 1611 1608 1611 1610
2 1661 1663 1661 1664 1663
3 1744 1744 1745 1745 1745
4 1798 1799 1798 1799 1799
+This run was not included in the averages calculated.
Hote: Peak 3 is of-D-xylopyranose; peak 4 is 0-D-xylopyranose.
L-SORBOSE
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Kovats Indices for TMS-L-Sorbose Peaks
Peak Run-1 Run-2 Run-3 Run-4 Run-5 Averages
GC-VIII at 16 °C
1 * 1810 ★ * * 1810
2 1847 * * * * 1847
3 1857 * * * * 1857
4 1918 1920 1892 1901 1904 1907
5 1929 it 1909 * 1919
GC-IX at 160°C
1 1782 1782 * 1778 1779 1780
2 1838 1837 * 1834 1834 1836
3 1862 1858 * 1854 1856 1858
4 1914 1911 1904 1905 1905 1908
5 1935 1931 1926 1923 1925 1928
6 1954 1951 * * * 1952
Note: The indices calculated in Run-1 and Run-2 were obtained by extrapo­
lating the line calculated using C-16 and C-18 as reference points. 
For the other runs, C-18 and C-20 were the reference compounds.
The averages are for all runs.
D-MANNOSE
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Kovats Indices for TMS-D-Mannose Peaks
Peak Run-1 Run-2 Run-3 Run-4 Averages
GC-VIII at 165°C
1 1815 1817 1817 1818 1817
2 * 1856 1845 1849 1850
3 1879 * * 1879
4 1938 1940 1942 1941 1940
GC-IX at 165°C
1 1823 1822 1822 1822
2 1850 1850 1850 1850
3 1885 1885 1882 1884
4 1944 1945 1944 1944
Note: For Run-1 of GC-VIII, the major peak (peak 2) was allowed to run
off of the chromatogram in order to obtain a measurement on peak 3. 
Peak 3 was too small to be measured on other chromatograms.
D-RIBOSE
Figure 15„ TMS-D-Ribosc
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Kovats Indices for TMS-D-Ribose Peaks
Peak Index Value Peak Index Value
GC-VIII at 162°C GC-IX at 160°C
1 1564 1 1573
2 1588 2 1598
3 1601 3 1611
4 1634 4
5 1678 5 *
6 1692 6 *
Note: Only one good run was obtained on each gas chromatograph. More
investigation was difficult because the quantitative mixture gave 
peaks too close to those being examined for accurate study. These 
values were obtained by running the mixture and then the sugar 
derivative and correlating the retention times of the various peaks 
on the separate chromatograms, a procedure not recommended for good 
results. On GC-IX, the main peaks, five and six, were allowed to 
run off of the chromatogram in order-to accurately measure the 
smaller peaks. Note that all values on GC-IX are about ten units 
higher than those on GC-VIII.
LACTOSE
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Figure IT.. TMS-Lactose Chromatogram at 250°C on GC-VIII
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Figure 18o TMS-Lactose Chromatogram 
at 250°C on GC-IX
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Kovats Indices for TMS-Lactose Peaks
Peak Run-1 Run-2 Run-3 Run-4 Run-5 Run-6 Averages
GC-VIII
1 2710 2712 2711 2711 2702 2704 2707
2 2802 2801 2803 2800 2790 2793 2798
3 2839 2837 2837 2838 2828 2831 2835
4 * * * * * * *
GC-IX
1 2710 2713 2711 2711
2 2807 2808 2808 2808
3 2838 2839 2839 2839
4 2916 2913 2913 2914
Note: Peak 4 was not large enough on GC-VIII to be observed.
MALTOSE
Figure 19„ TMS-Maltose Chromatogram at 250°C on GC-VIII 116
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Kovats Indices for TMS-Maltose at 250°C
Peak Run-1 Run-2 Run-3 Run-4 Averages
GC-VIII
1 2752 2759 2750 2756 2754
2 2793 2800 2793 2798 2796
3 2848 2851 2847 2853 2850
4 2870 2872 2869 2874 2871
GC-IX
1 2761 2759 2758 2755 2758
2 2794 2796 2795 2789 2794
3 * * * * *
4 * * * * *
Note: Peaks 3 and 4 on GC-IX were not resolved.
SUCROSE








Kovats Indices for TMS-Sucrose Peaks
Peak Run-1 Run-2 Run-3 Average Run-1 Run-2 Run-3 Average
1 2715
GC-VIII 
2713 2708 2712 2722
GC-IX 
2726 2724 2724
Note: TMS-Sucrose gave a lone symmetrical peak on both chromatographs.
Only the chromatogram for GC-VIII is displayed here since the one 
from GC-IX is almost identical to this one.
F. DISCUSSION
The first point which must be considered in looking at the 
results described herein is the fact that the Kovats Indices obtained are 
not "true" Kovats Indices at all. Strictly speaking, Kovats Indices are 
measured using a hydrocarbon before and a hydrocarbon after the peak being 
studied with the hydrocarbons themselves being separated in structure by 
only one methylene unit. For this work, strict adherence to that defini­
tion was impractical since too many peaks occurred for each sugar deriva­
tive and, therefore, hydrocarbons separated in structure by several 
methylene groups had to be used as reference peaks. Thus, immediately, 
the adjective "approximate1’ must be applied to the Kovats Indices given 
by this procedure.
Secondly, there are a number of errors, both human and otherwise, 
which occur in the best of procedures and certainly in one which is not 
very good (as used here). Regarding mechanical errors, it should be 
pointed out that both the point of injection of each sample and the points 
corresponding to the peak maxima for each sugar component were visually 
determined. Thus, each location is subject to possible human error. 
Moreover, the distance between these points was determined with a ruler, 
carefully, but still subject to all of the errors which apply to measure­
ments made with a ruler.
Other errors in obtaining Kovats Indices have been summarized 
188by Ettre but their influence or influences in this work is impossible 
to determine (i.e., how does one determine accurately how much oxygen a 
column has absorbed from carrier gas impurities, septum changings, and
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other assorted methods, and, if such information were indeed determined, 
how would one judge its effect on measured retention indices?).
One error which is discussed by Ettre that we know to be 
important in this investigation is the error introduced (or more correctly, 
the change in retention index which occurs) when the column temperature 
changes or is changed. Ettre cites an apparently typical example which 
shows a change of seven indices units per ten degree change in column 
temperature. In our work, we noted that the temperature regulation system 
on GC-IX is sensitive to the temperature of the room in which the instrument 
is located. Thus, at night, as the temperature of the room gradually cooled, 
the retention times of all substances increased; during the day when the . 
temperature increased, they decreased. This indicated that the actual 
working temperature of the oven was changing but, since all controls 
remained the same, it is difficult to tell how much. This effect had to 
change the measured retention times, although perhaps gradually.
The same effect can perhaps be observed in operation in the data 
presented in Table V. Although it is known that some of this data was 
obtained at 158°C and some at 167°C, unfortunately the chromatograms were 
incompletely labeled and which runs were obtained at each of the tempera­
tures is not known. There is an apparent trend in index value down the 
table, but it cannot be determined whether or not this is due to a change 
in temperature. Moreover, possibly the trend is more apparent than real.
Along these same lines, the data recorded in Table V for glucose 
does not fully agree with that recorded in Table VI. For any particular 
peak, the Kovats Index obtained at 158°-167°C is similar to that obtained 
at 188°C, but dissimilar to that obtained at 180°C. Since there is no
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explanation for this, apparently the data at 180°C is in error. We did 
not deem examination of this particular data of such importance to the 
goals of this analysis to merit re-examination.
Table XV summarizes the comparisons which can be made between the 
results obtained on GC-VIII and CG-IX where each comparison pertains to a 
peak which can be easily observed on the two chromatograms. It is evident 
that column characteristics in addition to the type of stationary phase 
present (both columns were SE-52) play an important part in determining 
the Kovats Indices for any particular peak. Moreover, these differences 
between columns can act in either a positive or negative direction. That 
is, some peaks may have slightly higher retention indices on one column as 
compared to the other, but for some peaks, the reverse may be true and the 
peaks have somewhat lower retention indices. This is particularly 
interesting in view of the fact that for each sugar the peaks usually arise 
from different configurational isomers of the same formula. While no 
trend could be established in this data, perhaps a more thorough deter­
mination of retention indices on several columns, each slightly different 
in a specified manner from the rest, would produce a trend which could aid 
in structural determinations. For example, this possibly could be used to 
determine whether a peak is a furanose or pyranose modification of a sugar 
without the laborious necessity of collecting and identifying by some 
other means.
All the calculations of Kovats Indices herein were made on 
the unadjusted retention volume (time) for the peak in question. Again, 
strictly speaking, this is an incorrect procedure since the retention 
volume (time) corrected for instrument and column dead volume should be
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Table XV
Comparisons of Kovats Indices Determined on GC-VIII and GC-IX
Sugar Peak GC-VIII Index GC-IX Index




Galactose 3 1907 1905
Xylose 3 1745 1745
4 1800 1799
Sorbose 4 1907 1908
Mannose 2 1850 1850
4 1940 1944
Lactose 1 2707 2711
Maltose 1 2754 2758
2 2796 2794
Sucrose 1 2712 2724
Note: Peak numbers correspond to tables and figures In this chapter. All
Kovats Indices presented here are average values for the peaks noted.
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186 187used. * Indeed, on some of the sugars studied, this correction was
applied by taking the dead volume to be the time from injection to the
leading edge of the solvent peak. In this procedure, the retention time 
from injection to the leading edge of the solvent peak is subtracted from 
the retention time of the peak in question and the hydrocarbon reference 
peaks. The "net" retention times are then treated mathematically to 
determine the retention index value corresponding to the peak of interest 
in the procedure we used. Table XVI displays the results of such
calculations for several sugars. It is obvious from this table that the
use of net values makes little practical difference in the retention 
index calculated. This is apparently due to the rather long retention 
times used in most of this work (i.e., there is little error in substituting 
"net" values for observed values in the mathematical treatment) and to the 
fact that the correction factor is applied uniformly to all measurements on 
the same chromatogram. For these reasons we did not use adjusted retention 
times, but instead chose to present the data in terms of uncorrected values. 
This saved one subtraction step in each measurement and simplified the 
mathematical treatment.
Concerning the mathematical treatment, it should be pointed out
that correlation between the retention indices calculated for a particular
sugar was usually very good even when correlation between the slopes and
intercepts for the equations used for each run varied. Table XVII
summarizes the data relating to a particular series of runs on sucrose.
As can be seen in this table, variations in retention index was not as
.significant from run to run as variations in calculated slopes and intercepts. *
This perhaps can be attributed to minor temperature fluctuations too small
Table XVI
Comparison of the Use of "Ad justed11 and "Uncorrected" Retention Times 
on the Kovats Indices Values Obtained for Several Sugars^
Sugar Peak^ "Adjusted" Index "Uncorrected" Index














+Data in this table refers to an arbitrarily selected run on the sugar 
in question on GC-IX (GC-VIII produced similar results).




Variations in Retention Index. Slope, and Intercept Between 
TMS-Sucrose Runs at 250°C on GC-VIII and GC-IX
Run No. Instrument Retention Index Slope Intercept
1 GC-VIII 2715 0.1161 -2.160
2 GC-VIII 2713 0.1143 -2.123
3 GC-IX 2725 0.1119 -2.021
4 GC-IX 2726 0.1167 -2.163
Note: The slopes and intercepts in this table apply to the equation
Y = ax + b
where, Y = Log (Retention Time)
X = Number of carbon atoms in hydrocarbons or
Kovats Retention Index in sugars
a = slope
b = intercept
These results were obtained using C-24 and C-28 as reference 
hydrocarbons.
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to noticeably effect a particular chromatogram, but significant in
/combining several runs over a longer period of time.
G. CONCLUSION
The primary concern of this investigation was to determine the 
Kovats Retention Indices for a number of trimethylsilyl sugar peaks in
2order to correlate the information contained in the paper by Sweeley ̂ t al.
with the retention indices tabulated in other references for substances
potentially useful as internal standards in carbohydrate analyses. While
a strictly linear correlation between the results here and those of Sweeley
and co-workers would only be fortuitous since so many differences in
equipment, operating temperatures, and columns are obvious, nevertheless,
a general correlation exists as is shown in Figure 22. Use of this figure
would enable one, in a general way, to arrive at an approximate value for
most of the monosaccharides studied by Sweeley and co-workers.
For this study, it is important to note only that the monosaccharides
have retention indices between 1650 and 2050 as rough outer limits. The
disaccharides, on the other hand, give peaks with retention indices ranging
from 2700 to 2900 units among those studied. Thus, any compound with a
retention index between these two groups should be suitable for use as an
internal standard. Among the hydrocarbons, for example, C-21, heneicosane,
through C-26, hexacosane, should be usable in a mixture of monosaccharide
and disaccharide trimethylsilyl derivatives, providing that they meet other
169requirements or desirable features of an internal standard.
Figure 22
Relative Retention Times versus Kovats Retention Indices
(Points on this figure represent sugar peaks for which 
relative retention times were determined by Sweeley 



















A KINETICS STUDY OF THE TRIMETHYLSILYLATION OF FRUCTOSE
A. INTRODUCTION
As has already been pointed out in this work, a number of
workers state that the silylation reaction is very rapid being complete
in a matter of minutes using the conditions of Sweeley jet al. for
carbohydrates, for example. Other workers, however, have found that this
190 191is not exactly true for all carbohydrates. * Fructose, in particular,
presents different chromatograms depending on how long after the sample
has been silylated that the chromatogram is obtained. Curtius, Muller,
and Vollmin have tacitly reconciled these two opinions in their intensive
gas chromatography—mass spectroscopy study of the products from the
3trimethylsilylation of fructose. They noted that when sucrose was 
split by intestinal sucrase, two major peaks were displayed on the fructose 
chromatogram and the peak 1 to peak 3 ratio (see Figure 2, page 66 for the 
appropriate chromatograms) increased as hydrolysis proceeded. According 
to these authors, extrapolation to zero time indicated that only peak 3 
was present in the mixture. They used the information to identify peak 3 
as a furanoside. What is also significant about these results, however, 
is that the chromatograms changed even after the trimethylsilylation 
reaction has taken place. Thus, it is also being pointed out that even
though the silylation reaction Itself may be rapid (in agreement with 
2 109Sweeley, Pierce, and others), some time must be allowed after eily- 
lation occurs for complete conversion of the mixture of derivatives formed
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initially to the favored anomeric conformation(s).
The significance of the above to any analytical problem is 
obvious. No procedure can be used in which the sample parameter which 
is being measured (such as the peak area) is changing in time in an 
unpredictable manner. Thus, it seemed necessary to undertake at least 
a cursory kinetics study of the manner in which fructose reacted with 
the emphasis being on trying to decide how long one should wait after 
reaction before injecting a sample into the chromatograph. Fructose 
was studied more thoroughly since initial results indicated that sucrose 
and glucose established a stable chromatogram soon (at most, fifteen 
minutes) after the addition of trimethylsilylation reagents, but fructose 
did not.
B. EXPERIMENTAL
Initial work on this project was done on GC-V during a short 
period of time that the instrument was available for our use. In these 
efforts, a weighed amount of fructose was reacted with Tri-Sil-Z according 
to the directions on the Tri-Sil-Z bottle. Namely, about 10 to 15 mg of 
sugar was reacted with one milliliter of the commercial preparation.
After addition, the mixture was placed in a 70°C oven until it was 
injected into the gas chromatograph. For most runs, the sample was in the 
oven about three minutes; it was then shaken about one minute while cooling 
to room temperature; and during the next minute, the syringe was filled 
in order to make an injection five minutes after the addition of silyla­
tion reagents to the sugar. Usually the injections were repeated as often
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as possible for a period of several hours. Figure 23 represents the data 
obtained for a typical run. The chromatograms are identified in Table 
XVIII.
Unfortunately, the chromatograph used above was available for
only one week. Thus, another chromatograph had to be used to continue
the work. Also, since all of the Tri-Sil-Z had been used, the method of 
2Sweeley ejt al. was employed for the work on GC-IV. In these efforts, 
the reaction mixture was not heated to 70°C but instead was maintained 
in a constant temperature bath at 25°C (room temperature). These results 
are summarized in Figure 24 and Table XIX.
Finally, because of the anomalous results obtained (as will be 
explained in the next section), a study was made on GC-IX of both reactions 
at room temperature since GC-IV was no longer available for Use.
C- RESULTS
While careful comparison of the data obtained from the three
studies described in the Experimental section is difficult, enough
information was obtained to judge how long the reaction mixture should be
allowed to stand in order to have a stable fructose chromatogram. The
primary study yielding quantitative information was the second study on
GC-IV. This investigation was undertaken in cooperation with R.E. McDonald
190who has also mentioned these results. Table XX and Figure 25 represent
the average values of three runs on fructose derivatized according to the
2method of Sweeley £t al. Figure 24 displays pictorially the change in 
chromatograms produced over a period of time for a particular run.
Figure 23 „ The Effect of Time on the Fructose and Tri-Sil-Z Chromatogram 
(These chromatograms are for one selected run) D
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Table XVIII
Identification of Time Elapsed for Chromatograms In Figure 23


















The time elapsed was measured from the time of mixing Tri-Sil-Z with 
0.00593 grams of fructose to the time of injection into the gas chromato­
graph.
Figure 24. The Effect of Time on the Chromatogram frog Fructose 
Reacted According to the Method of Sweeley 
(These chromatograms are for one selected run).
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Table XIX
Identification of Time Elapsed for Chromatograms in. Figure 24













Time elapsed is measured from the addition of the reagents of Sweeley1s 




The Change in TMS-Fructose Peak Composition With Time 
(Based on the data presented in Table XX)
The upper vertical scale and open circles represent data for 
fructose peak one. The lower vertical scale and dark circles 
refer to fructose peak two» Both scales represent the percent 









TMS-Fructose Peak Transformation on GC-IV as a Function of Time















Note: This table represents the averages for three determinations using
the method of Sweeley to derivatize crystalline fructose.
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Figure 23, on the other hand, displays the change in fructose 
chromatograms obtained using GC-V. A large number of replicate runs 
under conditions as closely controlled as the study above was not 
possible since this instrument was only available for one week and other 
work was accomplished during that time also.
Finally, Figures 26, 27 and 28 display the chromatograms 
obtained when Tri-Sil-Z and the method of Sweeley were both used on the 
same instrument, GC-IX, under identical reaction conditions.
D. DISCUSSION
It is evident from Figure 25 and Table XX that approximately 
eight hours are necessary to establish a chromatogram which is stable 
with time for trimethylsilylated fructose. This conclusion is based on 
several runs, all in agreement within experimental error and three of 
which were averaged to obtain this figure and table. It must be emphasized 
that this is, however, for the reaction of fructose at room temperature 
according to the method of Sweeley and co-workers.
What is difficult to assess from this figure, however, is 
exactly what is happening in the chromatogram. McDonald postulated that 
the changing chromatogram (as in Figure 24) represented a conversion of 
the trimethylsilyl derivatives from the a-D-fructopyranoside to the 
8-D-fructopyranoside. However, this hypothesis was not supported by any 
additional information.
With the later publication of the work by Curtius, Muller, and
3Vollmin, already described in this dissertation, the above conclusion
141
must bo subjected to ro-oxam.Lnati.on. In this study, silylated crystalline
fructose producod tliree peaks on an EGS column wliicli Liu: authors identified
as the fl-pyrnnose anomer and two incompletely silylated forms (not
190considered to be present by McDonald). The fully derivati;;ed product was 
the main peak and the other two were smaller and followed it. These peaks 
are designated as 1, 4, and 5, respectively, tn Figure 2 of this disserta­
tion. An important point to notice here is that these workers obtained 
peaks 4 and 5, identified as being due to incompletely silylated derivatives, 
even after reaction under conditions favorable to complete silylation for 
1-2 hours. With this information available, the data we obtained with 
McDonald must be re-interpreted. In Figure 24, chromatogriim 1, obtained 
five minutes after mixing the silylation reagents with fructose, two peaks 
are displayed. Their absolute sizes, as compared to following chromato­
grams in the same figure, indicate that neither product has formed "almost 
immediately". However, chromatogram 2 shows that the first peak is 
rapidly increasing in concentration while the second is somewhat lower in 
concentration, but its rate of concentration decrease is not nearly as 
great as the rate: of concentration increase for peak 1. As time passes, 
the concentration of both peaks reaches a steady value at about eight hours 
(Figure 25). Not taken into account in these calculations (for Table XX 
and Figure 25) is, with the passage of time, the appearance of another 
peak between the two being discussed in Figure 24.
It seems reasonable to suggest now, in the light of the results
‘6 190of Curtius _et al.. that the conclusion drawn by McDonald ^ that the peak
transformation is due to anoraeric conversion is erroneous. A better
explanation is that the second peak actually represents two peaks, due to
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partially silylated species and denoted 4 and 5 in Figure 2. Separation
is inferior on SE-52 as compared-to EGS for substances of nearly the same
2molecular weight (and especially for anomers). This explanation is in 
line with the initial (after five minutes) high concentration of this peak 
as compared to peak 1 which is certainly the final product, p-D-fructo- 
pyranoside. With these two identifications made, the peak which forms 
between peaks 1 and 2 is obviously either a furanose or oi-D-fructopyrano- 
side. While elimination of one of these possibilities is not possible 
with the information at hand, it is reasonable, based on the apparent 
higher concentration of furanosides over the pyranoside in the work of 
Curtius and cohorts for mutarotated fructose (Figure 2 of this disserta­
tion), that the additional peak noted is a furanoside.
Whatever the absolute identification of all peaks present, the 
significant conclusion which may be drawn from this work is that a sample 
of fructose must be allowed to stand at least seven or eight hours before 
a stable chromatogram is obtained. Since this information is for room 
temperature, it is likely that heating the trimethylsilylation mixture will 
rapidly hasten the reaction and thus shorten the time which must be waited 
before injecting a sample into a gas chromatograph. Thus, the suggestion 
given by a number of authors to heat the sample in order to affect 
dissolution is probably accomplishing a dual purpose. In this study, we 
did not undertake any additional work concerning the effects of temperature 
increases on rates of derivatization.
Before the above conclusions had been drawn from work on GC-IV, 
we used GC-V for a similar study on fructose. At that time, it was 
understood that any of the trimethylsilylation reagents discussed in
Chapter XXX of this dissertation would function about the same as any 
other reagents for carbohydrates. Thus, in the study of GC-V, we used 
Tri-Sil-Z instead of trimethylchlorosilane and hexaroethyldisilazane to 
derivatize fructose in a time study. Xn this operation, the directions 
on the bottle calling for heating of the solution for a few minutes 
at 70°C before injecting were followed (as described in the Experimental 
section of this chapter). The chromatograms obtained in this study, a 
sample of which is displayed as Figure 23, were later found to be very 
dissimilar to those obtained on GC-IV. The first explanation offered 
was that peak inversion had taken place since a different column was used.
In order to check this hypothesis, it was decided to obtain information 
concerning both derivatization procedures on the same column. Unfortu­
nately, by the time this was decided and work could be done, neither GC-IV 
nor GC-V was available for use. Moreover, kinetics results were no longer 
of primary interest since good results were being obtained using the 
method of Sweeley and allowing the sample to stand several hours. However, 
for the sake of curiousity, another look was taken at the differences 
between Tri-Sil-Z and the method of Sweeley in their reactions with fructose.
For this study, the directions for Tri-Sil-Z were modified by 
eliminating the heating step since this was one variable with which we 
did not want to be concerned. Thus, crystalline fructose samples were 
weighed and derivatized according to the two procedures. Instead of 
running samples over a long period of time, a close look was taken at 
each of these samples after about twenty minutes. The results are 
displayed in Figure 26 for the method of Sweeley and Figure 27 for Tri- 
Sil-Z. Xn both of these figures, the main peak has been allowed to run
ihh
Figure 26o A Close Examinati^ _ 




Figure 27 o A Close Examination of Fructose Silylated Using Tri-Sil-Z
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off of the paper in order to look closely at the secondary peaks 
obtained (which apparently are considered to be simply negligible changes 
in the baseline by those writers who report only one fructose peak). It 
was very apparent that the product from reaction with Tri-Sil-Z was very 
much different from the product of reaction with the method of Sweeley.
In order to check the possibility that incomplete drying was responsible 
for some of this difference, since water is known to affect the method 
of Sweeley more than the method using Tri-Sil-Z, which can accommodate 
more water in a system, samples were thoroughly dried for 150 minutes. A 
run on a sample prepared with Tri-Sil-Z was essentially the same as the 
first run shown in Figure 27. However, the results on a thoroughly 
dried sample run according to the method of Sweeley, as in Figure 28, 
show that the first two peaks obtained in Figure 26 were not obtained in 
the more dried sample.
Whether or not these two peaks are indeed due to partially 
derivatized samples cannot be unequivocally decided on this meager 
information. The presence of two peaks due to incompletely derivatized 
molecules before the main constituents is in conflict with the work of
Curtius, et al. , who found them to elute after the main constituents. Perhaps 
then, the peak reversal postulated to occur in the work on GC-IV and GC-V 
on going from one column to another does indeed occur. However, it is 
difficult to understand why a partially derivatized species would be 
more volatile (i.e., elute faster) than the fully trimethylsilylated 
molecule.
To add more fuel to the fires of confusion concerning the 
derivitization of fructose, a final study of the kinetics of peak formation
3
Figure 28. A Close Examination of a Thoroughly Dried Frugtose Sample 
Silylated According to the Method of Sweeley,,
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was undertaken on GC-IX. In these studies, a series of chromatograms 
similar to those pictured in Figure 24 were obtained except that there was 
not a uniform decrease in peak 2. Instead, exactly the opposite was true. 
Peak 2 seemed to increase at the expense of peak 1 . Although the chromato­
grams are not pictured herein, the data for a typical run is tabulated in 
Table XXI.
The single explanation which can be offered to explain the two 
seemingly conflicting sets of kinetic data is that the fructose derivative 
is sensitive to water to the extent that there is an equilibrium between 
the fully trimethylsilated species and the molecule(s) which contains a 
single hydroxy group. Thus, depending on the concentration of hydroxide 
in the pyridine used initially, one or the other species will grow in 
concentration at the expense of the other one until both are present in 
some final equilibrium concentration about seven or eight hours after 
reaction. This being the explanation, it is apparent that the use of 
potassium hydroxide pellets to dry pyridine will have a definite effect 
on the hydroxyl concentration and, therefore, an effect on the final 
equilibrium attained by the system.
The hypothesis of an equilibrium system also explains the 
seemingly contradictory results obtained when the work on GC-IV (which 
shows peak 2 going into peak 1) is compared to the results on GC-IX (which 
shows the opposite). In these two studies, one milliliter of pyridine was 
used in the first, but five milliliters were used in the second. The 
increase in the volume of pyridine also increased the concentration of 
hydroxide Ions present. Thus, instead of the equilibrium favoring the 
fully silylated fructose molecule, a partially derivatized species was
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Table XXI
TMS-Fructose Transformation as a Function of Time on GC-IX
Time, Hours % Peak One % Peak Two
0.050 92.3 7.7
0.567 87.4 12.6
. 1.067 84.0 t ) 16.0












Note: Some fluctuation In this data Is undoubtedly due to the use of
triangulation for measuring the area under the peaks. Also, area 




These effects are further dependent on the method by which the
trimethylsilyl derivative is formed. Apparently, with Tri-Sil-Z an
entirely different mixture results as compared to the method of Sweeley.
This increase in anomerization should be important in reaction mechanisms,
analytical determinations of fructose, and in understanding the trimethyl-
silylation procedure.
Credence is given to the postulated equilibrium between partially
and fully trimethylsilylated fructose by the results obtained by Kim et 
192al. who have studied the effects of conditions favorable to partial 
trlmethylsilylation on D-glucose and various benzyl D-glucose derivatives. 
With glucose, for example, partial trimethylsilylation with hexamethyl- 
disilazane and catalytic amounts of trimethylsilylchloride and pyridine 
as solvent in five minutes time produced a complex chromatogram which 
showed the presence of at least 18 components. Moreover, allowing this 
mixture to stand three days at room temperature produced a chromatogram 
containing new peaks and not containing some of the old ones. Some of 
these changes were attributed to transsilylation reactions.
E. CONCLUSION
As a result of all of this work, we decided to eliminate moisture 
as much as possible from our reactions and to allow the reaction mixtures 
to stand about eight hours before injection into the gas chromatograph.
Further work with these kinetic results is being considered by other
, 193workers.
PREFACE
This chapter is a manuscript which was submitted to and 
accepted by Analytica Chitnica Acta for publication in July, 1970 (see 
Figure 29). Only the reference and figure numbers have been changed 
to agree with those already used in this dissertation. Some of the 
discussions have already appeared in other places herein, but all 
efforts were made to write the aforegoing with knowledge of what was 
to be presented in this chapter so that there would be a minimum of 
overlapping of information. Also appearing in this chapter (but not 
in the manuscript submitted for publication) are two illustrations of 
the equipment described herein.
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Figure 29„ Letter of Acceptance from Analvtica Chimica Acta for Publication of the Cane Juice 
Analysis Manuscript (Chapter VIIl)
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Published by: Elsevier Publishing Company, Amsterdam
n u m N I  WEZUP W. B i f f ,  S<Htor m t r n
Omtm OMalaal UborahHiet July 27,
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Dr. Luis Vidauretta 
Department of Chemistry 
Louisiana State University 
Baton Rouge, Louisiana
Dear Luis:
Your manuscript entitled "Gas Chromatographic Determination of 
Trimethylsilylated Mono- And Disaccharides in Sugar Cane Juice" has 
now been reviewed and I am pleased to say that our advisors have re­
commended publication of this material. We will, of course, proceed 
immediately with its processing.
Sincerely yours,




GAS CHROMATOGRAPHIC DETERMINATION OF TRIMETHYLS ILYLATED 
MONO- AND DISACCHARIDES IN SUGAR CANE JUICE
A. INTRODUCTION
The gas chromatographic investigation of carbohydrates and
carbohydrate containing natural products was significantly advanced with
the successful application of the powerful technique of trimethylsilyla-
2 194tion by Sweeley, Bentley, Makita, and Wells. * ' Their work was an
195extention of earlier work by Makita and Wells concerning the trimethyl- 
silylation of bile acids and overcame the difficulty experienced by
previous workers in preparing suitable volatile derivatives of polyhydroxy
. 196compounds.
168 197 198Application of the method to both artificaily prepared * *
199-201and naturally occurring systems rapidly appeared in the literature.
Recently, a comprehensive review and reference volume has been prepared
1. n- 109by Pierce.
Despite the appearance of a large number of papers dealing with 
109carbohydrates, few papers have dealt with analyses related to the sugar 
202cane industry. This paper describes the application of the method of 
2Sweeley £t al. to the analysis of sugar cane juice for mono- and di­
saccharides using two isothermal gas-liquid chromatographic procedures 
and myo-inositol as internal standard.
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B. EXPERIMENTAL
1. Reagents and Materials
Chemically pure carbohydrates were used as supplied from 
commercial sources without further purification. Three commercial glucose 
preparations were compared including 8-D-Glucose, Sigma Chemical Company; 
D-Glucose (Anhydrous), Eastman Organic Chemicals; and beta-Glucose (C.P.), 
Mann Research Laboratories. Reagent grade pyridine was distilled from 
and stored over solid potassium hydroxide pellets. Trimethylchlorosilane 
and hexamethyldisilazane, obtained from Peninsular ChemResearch, Inc., 
were used without further purification. Myo-inositol, labeled "i Inositol 
(Meso)", was used as supplied by Nutritional Biochemicals Corporation.
2. Preparation of Standards
Separate sets of standards were prepared for the monosaccharide 
and disaccharide analyses in this work. This was a matter of choice and, 
in practice, especially where temperature programming is available, it 
would be preferable to prepare solutions containing all sugars of interest. 
Fifty milliliter aqueous solutions containing sugars as follows were 
prepared as stock solutions: inositol, 0.50694 grams; D-glucose, 1.00372
grams; fructose, 0.53285 grams; sucrose, 5.38950 grams. Each weight was 
obtained by difference on a Sartorius, Model 2600, balance. Since 
D-glucose yielded approximately equal alpha and beta anomer peaks, twice 
as much of this sugar was weighed out as fructose, which essentially gives 
one major peak, so that all peak sizes would be similar.
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Into each of the drying tubes used was introduced one milliliter 
of the internal standard solution followed by varying amounts of fructose 
and glucose solutions from 0.3 to 2.0 milliliters. This produced a series 
of monosaccharide standards of known concentrations. Similarly, the 
sucrose stock solution was used to prepare a set of disaccharide standards 
by using varying amounts of sucrose solution and one milliliter of internal 
standard solution (containing 10.0139 mg inositol/ml). The ratio of the 
weight of each sugar to the weight of internal standard present was 
calculated for each container. In practice, the stock solutions were 
kept refrigerated between uses and were found to be stable for at least 
several weeks without detectable evidence of bio-degradation.
3. Preparation of Cane Juice Samples
Cane juice was supplied to this laboratory frozen in one gallon 
containers (which was larger than the amount needed for analysis). The 
containers were placed in warm water and kept closed until the contents 
were completely melted. Sampling was accomplished by placing a five 
milliliter pipette into the center of the liquid. The containers were 
then refrozen for future use. One milliliter samples were placed into 
tared drying tubes and accurately weighed by difference. Each sample 
weighed approximately one gram.
4. Reaction Vessels
The drying assembly described below required the use of test 
tubes as sample containers. We used test tubes 20 mm (o.d.) x 150 mm.
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The pertinent sugar solutions were pipetted into test tubes, the samples 
dried in the drying assembly, and the residue reacted with pyridine and 
the silylation reagents. Although rubber stoppers were used in our 
work, trimethylsilyichloride and rubber react to produce a vile odor.
Thus, the use of plastic stoppers is strongly recommended.
5. Drying Apparatus
The sample drying system is a highly efficient one which has 
been used routinely in our laboratories for several years. The heart of 
the system is a Rotary Evapo-Mix, manufactured by Buchler Instruments,
Inc. The inner tube of the Buchler manifold was cooled by a VirTis 
Circulating Cold Bath Model #10-900-A. Attached to the Buchler manifold 
in series were the following: a 500 ml filter flask liquid condensate
trap, three dry ice and acetone vapor traps in series, and finally two 
Welch "Duo-Seal" high vacuum pumps pulling in parallel. Also connected 
in parallel with the first dry ice trap was a mercury manometer for 
measuring the vacuum being pulled at any given time. The Buchler water 
bath was maintained at 30 to 35 degrees Centigrade in this work, but could 
probably be raised to as high as 60 degrees without undue complication 
(and quicker drying capability). An infra-red lamp was used above the 
Buchler to prevent moisture condensation between the drying tubes and 
cold traps. (This assembly is shown in Illustration I).
6. Drying of the Cane Juice and Standard Samples
Use of the sample drying apparatus described above required 
that the sample be placed in test tubes instead of the one dram containers
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Illustration I. The Sample Drying System.
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commonly used as reaction vessels by other workers. Samples were either 
pipetted or, in the case of the cane juice, weighed into these test 
tubes, the internal standard introduced, and the tubes positioned as 
required for drying. Depending on the number of samples being dried and 
the amount of liquid in each, drying usually required between 30 to 60 
minutes. This time was shortened to about twenty minutes when only one 
or two samples were handled as in the case of cane juice samples being 
dried alone. By raising the temperature of the water bath the overall 
drying time could probably be safely shortened to fifteen minutes or less.
7. Trimethylsilylation
To the dried samples (standards and cane juice samples) was 
added in sequence: five milliliters pyridine, one milliliter hexamethyl-
disilizane, and one-half milliliter trimethylsilylchloride. In practice, 
a Vortex Junior® mixer was used to assist dissolution particularly after 
the addition of pyridine and prior to the addition of silylation reagents. 
Only in the case of sucrose, where the amount of sugar involved was about 
ten times greater than the amount in the monosaccharide samples, was 
there difficulty encountered in dissolution and slight warming necessitated. 
Even in this case, sucrose which did not immediately dissolve did go into 
solution as the silylation reaction proceeded.
After the addition of these reagents the samples were either 
allowed to stand at room temperature until injection into the gas 
chromatograph or, when more rapid reaction was desired, placed in a 45 
degree water bath for at least fifteen minutes. Despite the claims of 
rapid reaction at room temperature by some workers, the results of
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190 191McDonald and others have strongly indicated that this claim is 
incorrect, at least for some sugars and at room temperature.
8. Gas Chromatography
Gas Chromatography was performed using a MicroTek Model 1600 
single column instrument equipped with a hydrogen flame ionization 
detector and Westronics LS11A recorder. Although the recorder was 
equipped with a Disc Chart Integrator, we used a Hewlett-Packard Model 
3370-A electronic digital integrator connected between the chromatograph 
and recorder for peak integration. The gas chromatograph was further 
modified by substitution of a Tracor Model 8176 solid state electrometer 
for the original. Also to improve the temperature regulation of the 1600, 
which originally used a rheostat, we wired a proportional temperature 
control from MicroTek Model 2500 into the system. Gases for the flame 
detector were regulated through a flow control cabinet removed from the 
Model 2500. Flow rates for helium, hydrogen, and air were optimized at 
91, 75, and 335 ml/minute, respectively. (This assembly is denoted as 
GC-IX in this dissertation and is pictured in Illustration II).
A 9 1 x 1/4" (o.d.) coiled, stainless-steel column was packed 
with 3 percent SE-52 on Gas Chrom Q, 100-120 mesh, and conditioned 
overnight at 255 degrees Centigrade. For all analyses, the inlet and 
detector temperatures were maintained at 300 and 310 degrees Centigrade, 
respectively. Monosaccharides were determined by using a column temp­





Illustration II. GC-IX and Attached Electronic Integrator
9. Sampling
Samples were removed from the reaction test tubes and injected 
into the gas chromatograph using a 10-|i,l Hamilton syringe equipped with a 
plunger guide. Between 1.5 and 2.0 pi were usually injected.
C. CALCULATIONS
Use of an internal standard makes absolute measurement of the 
amount of sample injected unnecessary. Instead of absolute amounts of 
standard materials being measured, the ratio of the area of the appropriate 
sugar peak divided by the area of the internal standard peak is plotted 
against the weight ratio of sugar to internal standard for each standard 
solution. Once the standard plot is obtained, calculations involving the 
cane juice samples are accomplished using the following formula:
Equation (I)
(Wt. ratio of Sugarx)(Wt. Int. Std. added to juice sample)(100)% Sugar = ---------------------------------------------------------------x Wt. cane juice before drying
where all weights are expressed in the same units, usually milligrams.
The (Wt. ratio of sugar ) used in this equation must be calcu- 
lated from the measured area ratio for that sugar on the cane juice sample, 
and using the appropriate standard curve. Since the graph was a straight 
line in this work, a least squares analysis of data pertinent to the 
standard solutions was used to obtain the linear equation relating "area 
ratio" to 'Wight ratio". The equation was then used to calculate the
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"weight ratio" corresponding to each measured "area ratio" on the cane 
juice samples.
D. RESULTS
Figure 30 represents the chromatogram obtained for a derivatized
sample of fructose after sufficient time had elapsed for complete reaction
at room temperature. The occurrence of three peaks for this sugar, even
2after standing twenty-four hours, is in conflict with Sweeley et: al.
who reported only one peak. However, the presence of more than one peak
3 190 191is in agreement with subsequent work by others. * * Similarly, the
chromatogram for a mutarotated D-glucose sample, as in Figure 31, dis­
played two very prominent peaks attributable to the alpha and beta anomers. 
Also present were two very small peaks, one just before a-D-glucose and 
one between the two major anomers. Their presence has not been mentioned 
by other workers. Possibly they are due to impurities in manufactured 
glucose, but, if so, the impurity is consistent in three commercial sugars 
which we have checked. Assuming equal response to each anomer by the 
flame ionization detector, the percentage of each anomer in a mutarotated 
aqueous solution is as follows: first minor component, 0.69 percent;
a-D-glucose, 42.61 percent; second minor component, 0.34 percent; (3-D- 
glucose, 56.36 percent. A small peak appears not well separated from and 
immediately following the large a-glucose peak. Its area is included with 
that of a-glucose. Conceivably, these five peaks for D-glucose could be 
due to the five possible forms of the sugar in solution: a- and fJ-D-
glucopyranoside, a- and (3-D-glucofuranoside, and the straight chain form.
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Figure 30., Chromatogram Obtained on a Trimethylsilylated 
Fructose Sample
20 24 28 32
TIME (minutes)
l6!i
Figure 31„ Trimethyls ilylated D-Glucose Displayed Two Prominent 
Peaks for the cv- and (3-D-Glucopyranose Anomers and 











The percent composition of each component in the fructose chromatogram is 
more difficult to assess because of peak overlap, but the total of the 
two minor components appears to be about ten percent of the major one.
It is interesting that the third peak for fructose overlaps 
with the peak for a-D-glucose. Significant separation was not achieved 
between these two peaks in a mixture under a variety of experimental 
conditions. Similarly, the very small first peak for D-glucose overlaps 
with the small second peak for fructose. Because of the overlapping of 
two peaks between sugars, it was considered that one was an impurity in 
the other. Two observations showed that this was not the case. First, 
in no chromatogram did the derivatized fructose sample yield a peak which 
could be attributed to S-D-glucose which would have to be present in the 
mutarotated sample. Second, highly concentrated solutions of fructose 
gave negative results using the enzymatic Glucostat® (glucose oxidase 
obtained from Worthington Biochemical Corp.) quantitative test for the 
presence of glucose. In a similar manner, the presence of fructose in 
glucose was ruled out by the lack of appearance in the glucose derivative 
chromatogram of the major fructose peak. Certainly, if the two minor 
peaks are observed, the major one would have to be displayed.
Because of the overlap of a-D-glucose with a peak due to 
fructose, these combined peaks were not usable for quantitative work.
For this reason, only the first, major, fructose peak was measured as the 
"fructose area". Likewise, only the B-D-glucose peak was measured as the 
"glucose area" and all correlations were based on these areas. That this 
procedure is valid is an assumption based on each sample of sugar in
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aqueous solution mutarotating to the same extent. Thus, the area of each 
particular anomer is always proportional to the original weight of sugar 
present.. 1
Figure 32 depicts the chromatogram obtained with one of the 
monosaccharide standards. All other such standards differed from this 
one only in the relative sizes of the various sugar peaks as each sugar 
concentration was varied. Table XXII summarizes the average values of data 
for triplicate runs per sample. Also included in this table is information 
relative to the determination of sucrose.
A least squares analysis of the data yields linear equations 
relating Y, the area ratio to internal standard for each sugar, to X, 
the weight ratio to internal standard, as presented in Table XXIII. This 
analysis was performed using a card-programmed Wang Model 360 calculator.
The determination of sucrose is much simpler than the deter­
mination of monosaccharides since there is only one peak for this sugar 
and since no other disaccharides are known to be present in quantitatively 
significant concentrations. Operating at such a temperature that the 
monosaccharides are eluted soon after the solvent, but still allowing an 
accurate measurement of the internal standard, gives a nicely separated 
sucrose peak. Figure 33 shows the results obtained on a sample of cane 
juice.
Once the appropriate runs for monosaccharides and sucrose have 
been made and data obtained, the applicable equation in Table XXIII converts 
measured area ratio into a weight ratio. Substituting this value, the 
weight of internal standard and the weight of cane juice initially into
Figure 32„ Chromatogram Obtained on a Standard Solution of Fructose, Glucose, and Myo-Inositol
I Trimethylsilyl Derivatives
0 4 20 22 24 28 32 36 4 0 4 4 48 52 56 60 64 68
T l M E  ( mi nut es )
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Table XXII
Data for Standard Sugar Solutions for Cane Juice Analysis
Sugar Wt. Ratio to Internal Standard















Linear Equations Used in Cane Juice Calculations
Sugar Equation*
Glucose Y = 0.3827 X + 0.2328
Fructose Y = 0.3570 X - 0.0129
Sucrose Y = 0.7333 X - 0.2434
■jt.
Where Y = Area Ratio







Figure x>a Isothermal Analysis of a Sugar Cane Juice Sample for Sucrose
SUCROSE
MONOSACCHARIDES
M Y 0-IN 0S IT0L
32 38 4 0 44
TIME (minutes)
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Equation (I) gives the percent of each sugar present on a whole juice
basis. Typically such calculations gave the following results for
several runs on a particular Louisiana cane juice sample: 16.13 percent
sucrose; 0.740 percent fructose; 0.399 percent D-glucose. These results
203agree with older techniques which give the following average values on 
a whole juice basis: sucrose, 10-20%; reducing sugars (glucose and
fructose) 0.5-2.5%.
Replicate runs on a second series of standards and cane juice 
samples to which had been added known amounts of sucrose and myo-inositol 
were obtained. For this study, freshly prepared solutions of sucrose and 
internal standard were pipetted into test tubes. An amount of internal 
standard approximately the same as the amount of sucrose present was 
used in order to have their respective peaks approximately the same size.
A straight line, as in Figure 34, was obtained as the standard curve 
relating weight ratio to area ratio for sucrose and internal standard. 
Similarly, dilution of 5.42842 grams of cane juice with water up to 50 
milliliters total volume produced a standard solution of cane juice.
One milliliter samples, each containing 108.5684 mg of cane juice, were 
placed in test tubes with internal standard and varying amounts of 
sucrose solution. After these samples were dried and treated according 
to the method of Sweeley et al.. the data displayed in Table XXIV was 
obtained.
In this analysis, the percentage sucrose in cane juice was 
determined as 16.4. This figure agrees well with the value obtained 
several weeks earlier of 16.1 percent. All data and values were repro­
ducible to within five percent and generally to within three percent.
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Figure 34. Straight Line Plot Obtained for Standard Solutions 




















1 . Selection of Operating Conditions
The analysis of cane juice for mono- and disaccharides was
accomplished in two separate isothermal analyses since instrumentation
used had a single column and could not be properly temperature programmed.
204Based on the comparisons of Brobst and Lott , as well as other workers 
concerning isothermal GC and temperature-programmed gas chromatography, 
the method used here should be applicable where adequate instrumentation 
is available for the latter method.
Operating isothermally at a low (160 to 200 degrees Centigrade) 
temperature, the monosaccharides (fructose and glucose) appear well 
separated from one another and from the pyridine solvent peak. Working 
with several different gas chromatographs and columns, we found that the 
exact monosaccharide operating temperature must be determined for the 
particular equipment being used. For example, whereas 180 degrees 
produced good separation of the sugars from one another and from the 
pyridine peak on one instrument, on another instrument, the temperature 
had to be lowered to 160 degrees in order to free the sugars from the 
pyridine tail. For this reason, each instrument and column must be 
adjusted for its own particular optimum performance. Another considera­
tion is the method of integration to be used, electronic Integrators 
being the best able to compensate for solvent tailing. With the 
instrument which was used for the present work, the optimum operating 
temperature was 168 degrees Centigrade. At this low temperature, 
disaccharides (sucrose in this analysis) do not elute and the retention
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of sucrose by the column from one injection to the next does not effect 
in any way the separations obtained. Periodically we did raise the 
temperature of the column to elute any retained sucrose.
At a higher isothermal operating temperature (anywhere from 
230 to 260 degrees Centigrade), the monosaccharides are rapidly swept 
through the column a few minutes after the solvent. Well separated 
from them with a retention time which depends on the exact operating 
temperature, sucrose appears as a single symmetric peak.
Since it was desirable to use only one internal standard, it 
was desirable that its retention time be somewhere between the last 
eluted monosaccharide, f3-D-glucose, and sucrose. In this position, it 
would serve as an internal standard during the isothermal monosaccharide 
analysis (as long as it was eluted at the monosaccharide analysis 
operating temperature). Similarly, as long as it was eluted sufficiently 
after 0-D-glucose to be separated from it at the higher disaccharide 
operating temperature, it could be used as internal standard in the 
determination of sucrose. Thus, the retention time of the internal 
standard is critical. The longer the standard is retained by the column, 
the longer will be the monosaccharide analysis. On the other hand, if 
the separation of internal standard from the monosaccharides is not 
sufficient, it will elute with them in the sucrose analysis.
2. Selection of the Internal Standard
To overcome the difficulties in quantitation of results, the
205use of internal standards has repeatedly been suggested. Myo-inositol
197 206 . 190sorbitol , Qf-methyl-D-galactopyranoside , and of-methyl-D-mannoside
I 7ri
have been suggested for use as internal standards in carbohydrate
168analyses. Halpern et al. objected to the use of internal standards 
which consume trimethylsilylation reagent and suggested the use of inert 
internal standards such as terphenyl or triphenylethylene and showed 
that the use of these inert standards gave results which were reproducible 
to ±1 percent in the determination of glucose. They also suggested the 
possibilities of other polycyclic, high boiling, inert substances such 
as chrysene and pyrene, as internal standards in quantitative determinations 
of D-glucose.
207Jansen and Baglan have recently investigated the recovery
14of C-labeled sugar and alcohol derivatives, including the trimethyl- 
silyl derivative, in gas chromatography. They determined that approximately 
one-fourth of the glucose, fructose, and sucrose derivatives were recovered 
from the column. Since radioactivity was found throughout the length of 
the column, it was decided that decomposition and/or deposition of the 
derivatives occurred throughout the column. It is important to note in 
this work that other types of compounds gave other absolute recoveries 
of trimethylsllyl derivatives. Four-fifths of the glycerol derivative 
and only one-fourth of the stearyl alcohol derivative were recovered.
Thus, the use of internal standards structually similar to the compounds 
being analyzed seems preferable to using compounds which might have a 
different recovery coefficient than the ones being investigated, especially 
where differing amounts of internal standard are added to a series of 
samples being analyzed. Unfortunately none of the internal standards 
suggested above were studied for absolute recovery.
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For the present work, it seemed advisable to eliminate any
possibility of different recovery coefficients between the carbohydrates
being studied and internal standard used. The next requirement was
that the retention time of the internal standard be such that it appear
after the monosaccharides and before sucrose in such a position as to
allow the desired two isothermal analyses. Myo-inositol proved the best
choice. The objection of poor solubility for this compound by Halpern 
168et al. was overcome by increasing the absolute amounts of pyridine
and silylation reagents. No difficulty was experienced. Davison and 
208Young have recently applied an analytical procedure similar to the
one given here to plant extracts, although with temperature"programmed 
gas chromatography, and apparently experienced no difficulty using 
myo-inositol as internal standard.
3. Discussion of the Results
Table XXIV presents the data pertaining to an analysis of cane
juice for sucrose. The numbering of standard solutions prepared to
obtain a working plot of "area ratio" versus "weight ratio" is prefixed 
by the abbreviation "STD". In order to test the validity of this method 
of analysis for sugar cane jucies containing differeing concentrations 
of sucrose, known amounts of the sugar were added to a cane juice sample. 
This produced the series of sanples denoted by Juice-1, Juice-2, etc.
The percent error obtained by analyzing these prepared juice
samples indicates the method gives results which are at least five 
percent accurate over the sucrose concentration range expected for
Table XXIV

















STD-1 3.98648 11.0792 11.0792 2.7805 1.837 --- ---
STD-2 II 16.6188 --- 16.6188 4.1707 2.765 --- ---
STD-3 11 18.8346 --- 18.8346 4.7268 3.182 --- ---
STD-4 11 33.2376 33.2376 5.5609 3.858 --- ---
Juice-1 11 -0- t t --- 2.979 17.8324 ---
Juice-2 11 1.10792 17.8324 18.9403 4.7511 3.190 19.0964 0.86
Juice-3 II 2.21584 n 20.0482 5.0291 3.308 19.8032 1.23
Juice-4 II 3.32376 ii 21.1562 5.3070 3.418 20.4622 3.39
Juice-5 II 11.0792 h 28.9116 7.2524 4.858 29.0884 0.61
Standard samples are related by the equation: Y = 0.1669X + 0.00216, where Y = Area ratio and X = Weight
'ratio,
The sucrose content of cane juice is unknown in the first juice sample. In subsequent san?)les, the amount 
found in juice sample one is assumed constant through all sauries since the same amount of juice had been 
added to all.
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normal sugar cane juice samples. The method could accurately distinquish 
between the synthetically prepared juice samples with relatively small 
differences in sucrose concentration. Moreover, in Juice-5, the
I
concentration of sucrose was increased by more than fifty percent over 
the concentration in Juice-1 with less than one percent error in the 
sucrose determination.
No efforts were made to determine the influence of small 
changes in concentration on the fructose and glucose analytical results, 
but it is expected that results on these sugars would be the same as 
those for sucrose. Testing the method on the monosaccharides is more 
difficult than for sucrose because of the several peaks obtained.
The two analyses for sucrose for which data is presented 
herein were run entirely independently on the same cane juice sample. In 
the several intervening weeks between runs, the sample was kept frozen.
That the results obtained were in good agreement from one run to the 
next (16.1 percent and 16.4 percent) indicates the reproducibility of 
the method. Although the same gas chromatograph was used for each analysis, 
all standard solutions, cane juice samples, etc. were freshly prepared 
for the second analysis.
F. CONCLUSION
Despite the introduction of a multitude of automated or semi­
automated instrumental methods into the field of chemistry, the use of 
these methods by a number of industries has been delayed significantly.
The molasses industry, for example, still uses analytical procedures
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gwhich are fifty to one-hundred years old. Except for the introduction
of some of the methods of paper and column chromatography and at least
one example of the technique of isotope dilution for the analysis of 
209sucrose , new techniques have rarely been suggested and, for the most 
part, not industrially employed. Old techniques such as polarimetry and 
the reduction of Fehllng's solution for the "reducing sugars" present 
are still used as indicators of the "true" sucrose and monosaccharide 
contents of juices and syrups in spite of the known presence of a large
inumber of other constituents which could effect these measurements.
The use of gas-liquid chromatography for analysis of mixtures 
competes favorably with most other methods because of the overall 
picture of the mixture's composition which the analyst obtains. The 
development of the technique of silylation by Sweeley et al. allowed 
this powerful method of analysis to be applied to carbohydrates.
The application to sugar cane juice presented in this paper 
seems a logical extention of previous work. The procedure could be used 
commercially to determine sucrose content of juices and light syrups 
without modification. The use of temperature-programming would allow 
the analysis of mono- and disaccharides in one chromatogram. Repro­
ducibility was to within five percent.
G. COMMENTS
Sugar cane juice is an exceedingly complex solution which has 
been studied extensively for a very long time. Table XXV, taken from 
reference 203, page 302, displays the components and their "usual"
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concentrations which make up a "typical" sugar cane juice sample. Despite 
this overwhelming complexity, the gas chromatographic analysis of a juice 
sample is only concerned with the major three sugar components. All 
other components are not sufficiently concentrated to yield peaks. This 
alone makes this method of analysis more reliable than other methods 
such as those based on optical rotation where the total effect of these 
"impurities" may not be known.
Of the liquors commonly surveyed in the sugar industry, cane 
juice, being the most dilute, is probably more free of "impurity" errors 
than syrups and molasses samples. For this reason, we felt it advisable 
to compare the results obtained in the aforegoing analysis with a result 
obtained with industrial methods. Thus, we submitted a sample to 
Mr. Fred L. Gayle, Sugar Chemist at the Audubon Sugar Mill, Louisiana 
State University, for an unprejudiced (he was not aware of the results 
we had obtained) analysis using methods in use in the sugar industry.
The most significant result in his data (shown in Figure 35) is 
his determination of sucrose as being 16.33 percent (POL.). This was in 
fantastic agreement with the two results we had obtained herein on 
separate runs on the same sample of 16.1 and 16.4 percent sucrose. The 
determination of glucose (as total reducing sugars), however, was not in 
agreement with our results (1.83 percent compared to our 0.399 percent) 
and reflects the effect of other reducing substances present in cane 
juice. Perhaps in this comparison, the total of fructose (0.74 percent) 
and glucose (0.40 percent) or 1.14 percent is a more accurate figure to 




&  4*Component Juice Origin Concentration, % Reference
Carbohydrates
Sucrose La . 78 - 84 210
D-Glucose La. 4.3 - 7.8 210
D-Fructose La. 4.3 - 7.8 210
myo-inositol La. 0.041 211
Phytin Cuba --- 211
Pentosans Trin. 0.04 - 0.07 212
Methoxyl La. 0.08 213
Pectins Trin. 0.0 - 0.1 212
Uronic acids La. 0.44 213
Starch La. 0.012 - 0.018 214
Organic phosphate Cuba 0.0187 215
Enzymes
Invertase La a --- 216, 217
Oxidase La. --- 217
Peroxidase La. --- 217
Tyrosinase La« --- 217
Vitamins
Vitamin A La. 218
Biotin La.
^
2.2 x 10 % 219
Cuba 17.6 x 10*° 219
Vitamin D (?) La. 218
Niacin La. 4.9 x 10 ^ 219
Cuba 4.5 x 10% 219
Pantothenic acid La. 218 x 10“% 219
Cuba 99.4 x 10% 219
Riboflavin La. 3.1 x 10% 219
Cuba 4.9 x 10% 219
Thiamine La. 5.3 x 10~% 219
Cuba 10.5 x 10"J 219
Nitrogen compounds -6Amino acids Barb. 1 - 12.5 x 10 M 220
Alanine Fla., Jam. ---- 220, 221
v-Aminobutyric acid Fla., Jam. --- 220, 221
L(levo)-Asparagin Fla., P.R., Jam. ---- 220, 221
Aspartic acid Fla., Jam. ---- 220, 221
Glutamic acid Fla., Jam. ---- 220, 221
L(dextro)-Glutamine Fla., P.R., Jam. ---- 220, 221
Glycine Fla., Jam. ---- 220, 221
L-Xsoleucine Fla. 0.0010 222
L-Leucine Fla. 0.0025 222
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Table XXV (Continued*)
Component Juice Origin* Concentration, 1+% Reference
Nitrogen compounds
Lysine Jam. --- 220
L-Methionine Fla. 0.009 222
Serine Fla., Jam. --- 220, 221
L-Tryptophan Fla. 0.0034 222
Tyrosine Fla., P.Rt --- 221, 222
L-Valine Fla. 0.0018 223
Proteins Java 224
§ La« 0.33 - 0.49 210Non-nitrogenous acids La. 1.79 - 3.48 210
Trin. 0.6 - 1.2 225
Aconitic La. 0.3 - 2.1 226
Fumaric La. --- 203
Glycolic Hawaii --- 227
Malic Java --- 228-231
Oxalic La. --- 228, 232, 233
Succinic La. --- 203
Pigments Trin. 0.73 - 1.58 225
Anthocyanins La. --- 217
Chlorophyll La., Cuba --- 217, 234
"Saccharetin" La. --- 217
Tannins La. --- 235
Waxes, sterols and lipids La., Trin. 0.73 - 1.58 210, 225
Nonsaponifiable fraction La o 38.9* 236
Palmitic acid La. 16.9* 236
Oleic acid La. 9.1* 236
Linoleic acid La. 31.4* 236
Linolenic acid La. 1.0* 236
Inorganic components La. 2.6 - 3.6 210
Trin. 1.2 - 3.0 225
Barb. = Barbados; Fla. = Florida; Jam. = Jamaica; La. = Louisiana, 
P.R. = Puerto RLco; Trin. = Trinidad.
+Unless otherwise noted, constituents of cane juice and of cane final 
molasses are expressed on the basis of the solids contents of the 
source materials. When the solids contents are unavailable, the normal 
values of 17% and 80% for cane juice solids and cane final molasses 
solids, respectively, have been employed to closely estimate these 
constituent concentrations.
$Percentage of crude cane wax from press cake.
SThis portion of this table is up-dated in Chapter X of .this dissertation.
L O U I S I A N A  STATE U N I V E R S I T Y
A N D  A O R I C U L T U K A L  A N D  M K C H A N t C A L  C O L L I D E
BATON ROUGE . LOUISIANA - 70803 
A U D U B O N  S U G A R  F A C T O R Y  8/13/70
The saaple submitted for analysis appears to be a sanple of 
cane juice.
Sellds( Brix Hydreaete} ) .............. . 21*49
Sucrose( BOX.)  ...................... 16*33
Purity ( apparent) ........................75*99
Gluceae( Reducing sugars) ................  1*83
Glucose Dry Basis........................8*52
Sucrose Dry Basis *..............   75*99
Glucose ” " *................... •••'8,52
Total Sugars Dry Basis
Total Non sugars Dry Basis................ 15*49
Total .............   1*0.00
Figure 35° Results from a "Classical" Analysis of Our Sugar Cane 
Juice Sample
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this comparison shows the erroneous results obtained using the techniques 
of the sugar industry as compared to our own for "reducing sugars".
CHAPTER IX
GAS CHROMATOGRAPHIC DETERMINATION OF TRIMETHYLSILYLATED 
MONO- AND DISACCHARIDES IN SUGAR CANE MOLASSES
A. INTRODUCTION
This chapter is an extention of the work described in 
Chapter VIII. All of the descriptions, techniques, and conditions are 
basically the same as described in that chapter. Therefore, the 
information presented in this chapter is limited primarily to the results 
obtained and those portions of this work which differ from that previously 
described.
Although, from the point of view of gas chromatography, 
molasses is just a more concentrated sample of cane juice (which is the 
basis for applying the techniques of Chapter VIII in this chapter), there 
are significant differences between the two systems. These differences 
are due to the extensive treatment which the cane juice has received in 
being converted into molasses. Besides the obvious difference of less 
water in molasses as compared to cane juice, a number of other changes 
have occurred In Che several evaporation stages which have altered the 
chemical components qualitatively and quantitatively. Table XXVI (taken 
from reference 203, page 313) presents a summary of numerous authors 
concerning the components of molasses.
Fortunately, since the gas chromatographic procedure presented
here is only concerned with the three major sugars, the differences in
minor components between cane juice and molasses are not important. This




Cane Final Molasses Constituents
Component *Molasses Origin Concentration,% Reference
Carbohydrates La a *80.52* 237
Cuba 78.90 237
Sucrose La o 37.39 237
Cuba 47.28 237
"Reducing Sugars" La • 32.72 237
Cuba 20.98 237
D-Glucose Cuba 6,9 238
D-Fructose Cuba 1.6 238
myo-inositol Cuba 0.261 211
Phytin Cuba 0.225 211
D-Mannitol Cuba 0.6 211
Uronic Acids La o 2.0 213
Methoxyl La. 0.8 213
Sugar "Reaction Products" La. 10.1 237
Cuba 10.7 237
Vitamins _ CBiotin Cuba 17.0 x 10 J 239
Folic Acid Cuba 0.43 x 1 0 ° 239
Nicotinic Acid Cuba 222 x 10“5 239
Pantothenic Acid Cuba 635 x 10-5 239
Pyridoxine Cuba 19.1 x 10"^ 239
Riboflavin Cuba 24.4 x 10"^ 239
Thiamine Cuba 8.5 x 10“5 239
Nitrogen Compounds






Alanine Fla. --- 221
v-Aminobutyric Acid Fla. --- 221
Asparagine Fla. --- 221
Aspartic Acid Fla., Hawaii --- 221,240
Glutamic Acid Fla., Hawaii --- 221,240
Glycine Fla. --- 221
Leucine (or isoleucine) Fla. --- 221
Lysine Hawaii --- 240




* + ReferenceComponent Molasses Origin Concentration,?.
Nucleic Acid Bases
Guanine Hawaii --- 240
Hypoxanthlne Hawaii --- 240
5-Methylcytosine HaWaii --- 240
Xanthine Hawaii --- 240
Non-Nitrogenous Acids Cuba 7.59 237
La. 7.39 237
Aconitic La. 4.95 16
P.R. 0.95 241
Malic P.R. --- 241
Citric P.R. --- 241
Formic P.R. 0.12 241
Lactic P.R. 0.60 241
Acetic P.R. 0.24 241
Bacteria
300 - 310,000c 
1,200 - 16,500
Mesophilic La o 242
Thermophilic La. 242
Pigments
Chlorophyll a Cuba 5 x 10 234
"Browning Products" La., Cuba 10.1 - 10.7 237
Tannins La. --- 217
Anthocyanins La * --- 217
Waxes. Sterols and Lipids Cuba 0.50 234
Melissyl Alcohol Cuba --- 234
Phytosterol Cuba --- 234
Stigmasterol Formosa (?) 243
Syringic Acid Formosa (?) --- 243
Odorants
Molasses Odor Fraction Cuba, Hawaii 234,244
Inorganic Components La. 13*46-a-a- 237
Cuba 13.76 237
*Fla. = Florida; La. = Louisiana; P.R. = Puerto Rico.
♦See footnote (t) to Table XXV.
^Total solids in the molasses.
^Number of bacteria per ml of molasses. 
Carbonate ash.
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are very much affected by these minor differences. Moreover, simply the 
loss in water which results in going from one system to the other is 
important in industrially employed techniques.
B. EXPERIMENTAL
Gas chromatography was performed on GC-VIII instead of GC-IX as 
in the previous chapter. Otherwise all techniques used here are described 
in that chapter.
For use in this section, standard solutions were prepared in 
the following concentrations:
(1) Fructose: 1.02156 gr/100 ml or 10.2156 mg/ml
(2) D-Glucose: 2.01153 gr/100 ml or 20.1153 mg/ml
(3) Sucrose: 10.01855 gr/100 ml or 100.1855 mg/ml
(4) myo-inositol: 1.50290 gr/100 ml or 15.0290 mg/ml
These solutions were pipetted into test tubes using pipettes of several 
sizes. In all samples, 0.5 ml of internal standard was included with 
the sugar to be determined. After drying (see Chapter VIII) the samples 
were silylated and 2.0 y,l injected into the gas chromatograph.
The molasses sample used was furnished by the Audubon Sugar 
Mill, LSU Campus,and was comparable to "B" molasses in the sugar industry, 
not having been boiled a final time to produce blackstrap molasses. It 
was preferable to use "B" molasses as a test sample since it is the 
"average" of "A" molasses and blackstrap molasses and, therefore, 
representative of the average molasses sample industrially encountered. 
Furthermore, "B" molasses is a much "cleaner" sample with which to work
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than is blackstrap molasses. In each analysis, the molasses sample 
was weighed into a test tube, one-half milliliter of internal standard 
solution added, and the sample dried after swirling to uniformly 
dissolve the contents of the test tubes. Sample weights are included 
in tables herein.
C. RESULTS
Results obtained in this determination are summarized in 
the tables and figures which follow. For the glucose and fructose 
determinations, the column temperature was 173°C. It was increased to 
230°C for sucrose. At these temperatures sharp peaks were obtained 
which were nicely integrated using the Hewlett Packard electronic 
integrator described in Chapter VIII. Both the detector and inlet 
temperatures were maintained at 300°C for both isothermal determinations.
D. DISCUSSION
The analysis of molasses using the analytical method described 
in Chapter VIII for cane juice proceeded in the same manner as for cane 
juice. However, we did find that the molasses samples were more 
difficult to dry thoroughly. Each group of ten samples required about 
45 minutes at about 45°C in the drying assembly already described.
Drying was first noted as a probable cause of complications in 
handling the fructose samples prepared as summarized in Table XXVIX>
A number of them yielded data, presented in Table XXIX, which fluct­
uated and was not in agreement with other data (see Table XXVIII).
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Table XXVII
Fructose Solutions Prepared for Standard Curve for Molasses
Sample 4;Amount, ml 'r Weight,mg Wt. Inositol,mg Weight Ratio
F-l 0.1 1.02156 7.5145 0.13595
F-2 0.2 2.04312 same 0.27189
F-3 0.4 4.08624 same 0.54378
F-4 1.0 10.2156 same 1.35945
F-5 1.5 15.3234 same 2.03918
F-6 2.0 20.4312 same 2.71890
F-7 3.0 30.6468 same 4.07836
^The primed samples (F-l/, F-2*, etc.) are duplicates of these.




Data Pertinent to Fructose Standard Plot of Area Ratio vs. Weight Katio




























































































Sample Wt. Ratio Fructose Area Inositol Area Area Ratio Averages
F-7 Not used, see Table XXIX
F-7 7 4.0784 1,770,000 659,000 2.6859 2.6312
2,045,000 793,700 2.5765
Note: Primed samples are duplicates of samples run above them.
The data in this table can be summarized as follows for plotting 
purposes:







These data points are represented by open circles in Figure 36.
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Table XXXX
Data for ’’Bad'1 Fructose Standard Solutions
Sample Wt. Ratio Fructose Area Inositol Area Area Ratio
F-3 0.5438 216,700 374,100 0.5793
215,600 371,900 0.5798
178,700 243,800 0.7340
F-3' 0.5438 294,200 688,100 0.4276
341,300 711,600 0.4796




F-5' 2.0392 693,300 387,700 1,7882
667,500 363,700 1.8353
914,400 493,400 1.8533
F-67 2.9377 1,042,000 354,700 2.9377













Generally, it was easy to spot a bad sample by noting the size area 
for inositol, the internal standard. For good samples this area ranged 
from about 700,000 to 800,000 counts, the actual figure depending on 
the amount of sample injected. For "bad" fructose samples, the area of 
the internal standard peak was approximately half of that value, 
although it did vary randomly. As a general trend, it was noted that 
the internal standard peak seemed to fluctuate more than did the sugar 
peaks on an inadequately dried sample (the area was always less than 
that obtained on a more dried sample). Thus, the area ratio was higher 
and the peak on the "Area Ratio vs. Weight Ratio" plot displaced upwards 
from the straight line connecting "good" data points (see Table XXVIII 
and Figure 36).
Thus, for sucrose and glucose standard solutions and, of 
course, the molasses samples, care was taken to achieve thorough drying 
of each sample. In practice this usually meant drying each group of 
samples (ten test tubes could be handled at once by the drying apparatus) 
about 45 minutes. In these samples, bad samples were occassionally 
encountered, but this probably reflects human errors in sample preparation 
and not any trouble with the samples due to the drying procedure.
The only other significant problem observed was with higher 
weight ratios of sucrose to internal standard (see Table XXX). In 
these samples (S-6 and S-7), there was more than ten times the amount 
of sugar and inositol which could be silylated by the amount of slly- 
lation of the sucrose and the plot of area ratio versus weight ratio, 
based on data tabulated in Table XXXI, was non-linear at high weight 
ratios. This is represented in Figure 37 by the point for S-6 at a
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Table XXX
Sucrose Solutions Prepared for Standard Curve for Molasses
+Sample *Amount, ml Weight, mg Wt. Inositol, mg Weight Ratio
S-l 0.05 5.0091 7.5145 0.6667
S-2 0.10 10.0182 same 1.3332
S-3 0.15 15.0272 same 1.9998
S-4 0.20 20.0362 same 2.6664
S-5 0.40 40.0726 same 5.3327
S-6 1.00 100.1815 same 13.3318
+All of these samples were run in duplicate and designated with primes as 
S-l, S - l e t c .




Data Pertinent to Sucrose Standard Plot of Area Ratio vs. Weight Ratio
Sample Weight Ratio Sucrose Area Inositol Area Area Ratio Averages
S-l 0.6667 162,900 373,100 0.4366
0.4501
S-l/ 0.6667 172,400 371,900 0.4636
S-2 1.3332 347,300 357,100 0.9726
0.9866
S-2' 1.3332 375,700 375,500 1.0005
S-3 1.9998 556,200 369,300 1.5061
1.5018
S-3' 1.9998 552,700 369,100 1.4974
S-4 2.6664 718,200 368,100 1.9511
1.9753
S-4' 2.6664 725,600 362,900 1.9994
S-5 5.3327 1,444,000 366,900 3.9357
3.8798
S-5' 5.3327 1,328,000 347,300 3.8238
S-6 13.3318 2,352,000 365,600 6.4333
6.4725








Figure 37. Standard Plot for the Determination of Sucrose in Molasses
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weight ratio of about 13. That this non-linearity was due to incomplete 
silylation was verified by a rather large peak following the TMS-sucrose 
peak which appeared on the chromatogram for S-6 and S-7, but not for the 
other samples. This extra peak is undoubtedly due to a partially 
silylated species probably containing one hydroxyl group. Its location 
is in agreement with other work already discussed in this dissertation.
As in the investigation described in Chapter VIII, only the 
peak for p-D-glucose was used to measure the "glucose area" since the 
peak for Q!-D-glucose was found to have a retention time very close to 
secondary fructose peaks. This practice is condoned by the results 
obtained as pictured in Figure 38 based on Tables XXXII and XXXIII.
After all of these results were obtained, a card-programmed 
Wang calculator was used to perform a least squares analysis of the 
data for each sugar. However, not all data points were used since it 
was obvious that some were "out-of-line". Those that were used represent, 
usually, the average values for each sample run (that is, all of the 
runs on each sample were averaged together with all of the runs on its 
duplicate (as S-l runs with S-l ‘ runs). Any obviously "bad" data was 
omitted. The points used and the equations obtained are tabulated in 
Table XXXIV.
For the analysis of molasses, the molasses samples were 
carefully weighed into a tared test tube in duplicate. One-half 
milliliter of internal standard solution (containing 7.5145 mg inositol) 
was added and the sample dried. Finally, the residue was suspended in 
five milliliters of pyridine and reacted according to the method of
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Table XXXII
D-Glucose Solutions Prepared for Standard Curve for Molasses
Sample Amount,ml Weight,mg Wt. Inositol,mg Weight Ratio
G-l 0.1 2.01153 7.5145 0.26769
G-2 0.2 4.02306 same 0.53537
G-3 0.4 8.04612 same 1.07075
G-4 1.0 20.1153 same 2.67686
G-5 1.5 30.17295 same 4.01530
G-6 2.0 40.2306 same 5.35373
G-7 3.0 60.3459 same 8.03059
+Primed samples are duplicates of these.




Data Pertinent to Glucose Standard Plot of Area Ratio vs. Weight Ratio
Sample Wt. Ratio a-Area 3-Area Inositol Area 3-Area Ratio Average
G-l 0.2677 47290 91770 726,800 0.1263 0.1389
63670 120100 792,600 0.1515
G-l/ 0.2677 55700 110800 794,300 0.1395 0.1500
55480 124500 775,500 0.1605
G-2 0.5354 76330 224900 734,800 0.3061 0.3164
92240 257000 789,100 0.3257
G-2' 0.5354 100800 232600 779,100 0.2985 0.2960
100100 233500 795,700 0.2935
G-3 1.0708 297600 457400 887,400 0.5154 0.5190
307200 473400 906,000 0.5225
G-3' 1.0708 212800 418200 702,500 0.5953 0.5933
215100 427600 723,100 0.5913
G-4 2.6769 654300 967700 813,500 1.1896 1.1928
668800 973800 814,200 1.1960
G-5 4.0153 611300 1761100 811,700 2,1695 2.2061
662200 1857000 827,700 2.2436
G-5 7 4.0153 820200 1572000 814,600 1.9298 1.9400
840700 1630000 835,800 1.9502
G-6 5.3537 1341000 1861000 809,000 2.3004 2.3349
1428000 1982000 836,500 2.3694
G-7 8.0306 2157000 2848000 854,100 3.3345 3.3345
G-7 # 8.0306 2109000 2934000 850,300 3.4505 3.4590
2163000 2939000 847,600 3.4674
Figure 38. Standard Plot for the Determination of D-Glucose in Molasses
WEIGHT RATIO ro
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2Sweeley. The silylated mixture was allowed to stand several hours while 
the standard solutions were being run on the gas chromatograph. After 
the proper weight ratios were calculated for each sample (sugar to 
internal standard ratio), the milligrams of sugar present in each was 
calculated using the appropriate equation from Table XXXIV. From the 
known weight of molasses and internal standard in each sample, the 
corresponding precent of each sugar component was calculated. The results 
are tabulated in Table XXXV.
Several things can be seen in the results presented, the most 
obvious being that not all runs produced the same analytical results on 
all three carbohydrates. While there is no direct evidence to substant­
iate the hypothesis, the author believes that run 2 should be omitted 
because of a possible error in weighing out the molasses initially.
With this run omitted, the agreement between samples for the determination 
of fructose is good. However, there is still disagreement between the 
glucose determinations. Of all the runs, more care was taken in preparing 
and handling samples 3 and 6 than with the others (which were used 
somewhat as "guinea pigs" in order to determine the best drying time and 
other variables). It is interesting, in this regard, that the other 
four samples average to give 9.9% glucose, not far from the 10.65 average 
of samples 5 and 6. Because of this "faith" in samples 5 and 6, these 
two were run first for sucrose. Subsequent instrumentation problems 
preventing any further work proved the wisdom of this decision.
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Table XXXIV
Data Used to Calculate a Linear Relationship With Least Squares
Weight Ratio, X Area Ratio, Y Equation
Fructose






















The Percent Composition of Maior Carbohydrates in a mBm Molasses Sample
Sample No. Wt. Molasses, mg % Fructose % Glucose % Sucrose
1 36.00 10.8 8.6 *
2 50.44 11.4 11.0 ■k
3 39.77 10.5 8.7 *
4 87.70 10.4 11.2 *
5 85.54 9.8 10.8 30.0
6 81.54 9.9 10.5 30.1
These samples were not analyzed for sucrose because of instrument problems 
after samples 5 and 6 were run.
E. CONCLUSIONS
This analytical technique gave the following results on a 




These percentages were calculated on a "whole juice" weight basis. They 
are in agreement with the average results listed by the Spencer*-Meade
g
Handbook which, on page 272, lists the following approximate values 




That the results obtained in this study for sucrose is on the low end of 
the above approximations is as expected since the sample analyzed was not 
final molasses, but rather was "B" molasses, which still must have some 
water removed before being designated final molasses.
Preface
After the three mala sugars, the next most prominent component 
of cane juice and molasses is aconitic acid. However, its concentration 
is so much lower than the sugars that it does not give a peak on the 
chromatogram for a silylated mixture. Although several attempts were 
made to extract the acid and determine it using gas chromatography of 
the sllylation product, a method which gave quantitative results could not 
be developed. While searching the literature for better extraction approaches, 
the writer '’found” a paper by Poe and Barrentine^^ which used 2-butanone in 
a colorimetric determination of aconitic acid in sorgo juice (a close rel­
ative of cane juice). Suprisingly, no evidence was found that the technique 
had ever been applied to cane juice in a quantitative manner (although 
the technique had been used in a qualitative manner). Thus, it was 
decided to abandon gas chromatography for this determination and develop 
the colorimetric method. This chapter is comprised of a paper which was 
submitted to and accepted by Analytica Chimica Acta for publication in 
October of 1970 (see Figure 39). The reference, table, and figure 
numbers have been changed to agree with those already used in this 
dissertation.
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Figure 39» Letter of Acceptance from Analytics Chimica Acta for Publication of the Aconitic Acid 
Manuscript (Chapter X)
ANALYTICA CHIMICA ACTA
AN INTERNATIONAL JOURNAL DEVOTED TO ALL BRANCHES OF ANALYTICAL CHEMISTRY
Published, by: Elsevier Publishing Company, Amsterdam
nofmsi rtsur 9. wnr, nmr
OMAN CSftMriMl
m m  imi Piiiii'im October 2. 1970
Dr. Luis Vidaurreta 
Louisiana State University 
Chemistry Department 
Baton Rouge, Louisiana 70805
Dear Dr. Vidaurreta:
Your manuscript entitled "Colorimetric Determination of Aconitic 
Acid in Sugar Cane Juice" has now been reviewed. I am pleased to say 
that our advisors have reconmesded publication of this material and 
we will proceed immediately with its processing.
Sincerely yours,




COLORIMETRIC DETERMINATION OF ACONITIC ACID IN SUGAR CANE JUICE
A, INTRODUCTION
The quantitative determination of aconitic acid (l-propene-1,2,3-
tricarboxylic acid) in the sugar industry is presently a laborious chore
accomplished by the decarboxylation of the lead precipitate according to
the method of Ambler and Roberts^^ Since 1950, a number of alternate
61 63methods have been proposed based on chromatographic procedures * but none 
have been widely accepted for other than research applications. Very recent
attempts to use gas chromatography appear promising, but the work has not
...... 248yet been published.
Poe and Barrentine have recently suggested a colorimetric method
249for the determination of aconitic acid in sorgo juice and then applied
250the technique to the determination of that acid in the oat plant. The
251method is based on the Furth and Herrmann reaction in which color is
formed in the presence of pyridine and acetic anhydride. A number of other
spectrophotometric methods have been proposed to the determination of
252-257various carboxylic acids using methods based on this reaction,
although with widely different reaction conditions, reagent proportions,
and results. In some cases, samples were analyzed as aqueous solutions
while Poe and Barrentine felt that water was the only compound which
249Interfered with color development. Part of this disagreement is probably 
due to the fact that different investigators selected different wavelengths 
to monitor. It is interesting that water is also considered to interfere
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247with the determination of aconitic acid by the decarboxylation procedure.
The colorimetric reaction has been known in the sugar cane
industry but has been thought to be only a qualitative test for aconitic
acid. The presence of aconitic acid is indicated by the yellow-golden
color formed immediately upon mixing pyridine and acetic anhydride to an
acid containing juice, syrup, or molasses sample. Usually proportions are
not carefully measured and the color is considered to be unstable since it
258darkens to the color of "iodine" on standing.
In this paper the method of Poe and Barrentine is modified and 
applied to sugar cane juice in such a manner that the color formed can be 
used to quantitatively determine the juice acid content,
B. MATERIALS
A gallon of representative Lousiana sugar cane juice was obtained 
from the Audubon Sugar Factory, Louisiana State University, Baton Rouge, 
Louisiana*
Reagents used were acetic anhydride (99.8%), J.T. Baker; pyridine, 
Matheson, Coleman and Bell; 2-butanone, Eastman Organic Chemicals; and 
trana-aconitic acid, K & K Laboratories, Plainview, New York.
C. METHOD
1. Separation of Aconitic Acid from Sugar Cane Juice
The method of Poe and Barrentine was used to extract aconitic 
acid from sugar cane juice with slight modification. In particular,
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approximately 100 ml of juice was centrifuged for ten minutes at 10,000 
R.P.M. to separate suspended impurities and organics followed by filtration 
with suction through Whatman #4 filter paper. The pH of this clarified 
juice was then lowered from 5.35 to 1.3 with several drops of concentrated 
sulfuric acid and by monitoring the pH with a Beckman Research pH Hater.
After allowing a few minutes for complete conversion of aconitates to 
aconitic acid, the juice was again centrifuged. Five milliliters of the 
resulting juice was then shaken with 20 milliliters of 2-butanone for 15 
minutes and the layers separated by again centrifuging.
2. Drying of 2-Butanone Aliquots
An aliquot of the 2-butanone layer was placed in a 20 x 150 mm 
test tube and evaporated to dryness using a Barople drying apparatus employing 
a Buchler Evaporator which we have already described (i.e., Chapter VIII of 
this dissertation). Alternately a steam bath and stream of air as used by 
Poe and Barrentine can be used. For the particular juice used In this 
investigation an aliquot of .2 to .4 ml gave a useable color intensity. For 
other juice samples from more mature canes than those harvested in Louisiana 
this aliquot size could vary. In general three aliquots were dried for each 
sample run.
3. Preparation of Aconitic Acid Standards
Trans-Aconitic acid was used to prepare standard acid samples 
since Poe and Barrentine determined that the color reaction was identical 
with both the cis and the trans isomers and could not distinquish between 
them. A great deal of difficulty was experienced in preparing solutions
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of aconitic acid in acetic anhydride according to the method given by
these authors. Not only is the acid slow to dissolve in this solvent, but
reaction probably accompanies dissolution since color is produced very
much resembling the color produced by the Furth-Herrmann reaction although
seemingly not as intense as when pyridine is present. Thus, it was
difficult to decide how long after the acid and anhydride were mixed that
the pyridine 3hould be added. This interfered with timing of the sample
between mixing of reactants and reading on the spectrophotometer. Results
were extremely erratic.
The nature of the difficulty was found to be due to the use of an
ultrasonic vibrator by Poe and Barrentine to affect rapid dissolution of
259the acid in acetic anhydride without the problem of color formation.
In an effort to overcome the difficulty with the Poe-Barrentine 
method of preparing standards and in order to produce a standard solution 
which would be stable for a number of days without color formation, aconitic 
acid was dissolved in diethyl ether (40 ĝ/ral). Triplicate aliquots of this 
solution from 0.05 to 10 milliliters were placed in test tubes and dried at 
room temperature to give aconitic acid residues ranging from 2 to 400 g,g 
per sample. The first three samples were of 2, 4, and 20 y,g, respectively, 
and then others increased in 20 y,g increments.
4. Color Production and Determination
One-half milliliter or pyridine was mixed with one pint (473 ml) 
of acetic anhydride in a modification of the Poe-Barrentine procedure.
This mixture can be prepared at any time and was found not to deteriorate
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on standing. The reservoir of a 10 ml automatically zeroing refilling 
burette fitted with a three-way stopcock was filled with the mixture.
Ten milliliter portions were then added to sample and standard test tubes 
in one minute intervals. Immediately after the addition, the tubes were 
capped with plastic disposable Kim-Pak closures and placed on the Buchler 
Evaporator shaker for ten minutes (used only for thoroughly mixing the 
samples at this point). Forty-five minutes after the addition of pyridine- 
acetic anhydride the samples were read at one minute intervals on a Beckman 
DB spectrophotometer at 550 mp,. The pyridine-acetic anhydride mixture was 
used as reference and to adjust 100 percent on the spectrophotometer.
D. RESULTS
The absorbance of the color formed from the reaction of acetic
anhydride-pyridine with aconitic acid was monitored at 550 mp, as suggested
249 250by Poe and Barrentine. * At this wavelength, a linear calibration 
curve was obtained from 20 to 400micrograms per sample, a significantly 
broader range than they obtained. This is probably due to the modification 
in reaction procedure. Data representing the average values for triplicate 
samples is summarized in Table XXXVI and illustrated in Figure 40.
A least squares analysis of data points from 20 to 200 micrograms 
was performed on a card-programmed Hang Model 360 electronic calculator.
The relationship between A, the absorbance, and C, the concentration of 
aconitic acid in y,g per sample was found to be: A = 0.002883 C - 0.050083.
In agreement with the results of Foe and Barrentine for sorgo 
juice, no appreciable aconitic acid was extracted from the unacidified
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Table XXXVI
Absorbances Pertaining to Aconitic Acid Samples















Note: Each sample represents the average value of triplicate runs with
the absorbance being calculated from observed percent transmissions.




A C O N I T I C  ACI D (n i c r o b r a m /s a m p i e)
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sugar cane juice. No investigation was made of the extractability at any 
pH other than 1.3. Similarly, reaction of aliquots from multiple extractions 
with 2-butanone failed to produce the pink-purple color when mixed with 
pyridine-acetic anhydride, thus indicating no detectable aconitic acid 
remaining in the aqueous phase. To further investigate the effectiveness 
of this extraction procedure, sugar cane juice samples to which had been 
added known amounts of aconitic acid were analyzed. The data from this 
investigation is summarized in Table XXXVII with corresponding recoveries 
presented. Average recovery was 96 percent which agrees with the 97 
percent obtained by Poe and Barrentine.
From the amount of aconitic acid in the aliquot analyzed, the 
total amount present in the 2-butanone layer can be calculated. Knowing 
the density of the juice, which we determined experimentally as 1.0788 g/ml, 
the aconitic acid content on a whole juice bases was calculated as 0.20%.
For this calculation, the small amount of sulfuric acid used to adjust the 
acidity of the juice was assumed to have a negligible effect on the five 
milliliter volume analyzed. This result is in agreement with other 
established methods.^^
E. DISCUSSION
260-262The use of esters of aconitic acid as plasticizers has led
to numerous efforts to produce the acid by methods other than the dehydration
of citric acid. * In 1944, it was demonstrated that commercial
quantities of the acid could be obtained as alkaline earth salts from
266second or "B" molasses. A detailed description of the dicalcium
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Table XXXVII
Percent Recoveries for Aconitic Acid Extracted from Molasses
with 2-Butanone









p o 16.2 86
8.0 17.6 93
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magnesium aconitate precipitation process has been presented in the
267literature. A number of other economically feasible recovery methods
268have been suggested for commerical use in the sugar cane industry.
Unfortunately, the practical application of these methods is
hampered by the lack of rapid analytical techniques for aconitic acid
in juice, syrup, and molasses. Decarboxylation of lead aconitate and
various chromatographic procedures do give results, but not until usually
several days after they are needed. Knowledge of the concentration of
aconitic acid is important to acid recovery procedures and to other sugar
63plant operations. The acid is known to affect clarification procedures,
for example by decreasing the decolorizing capacity of bone char; it evidently
249affects the formation of crystalline sugar, and probably effects sedimen­
tation rates, centrifuging, and other operations in the sugar industry.
Thus, if improved methods of operation are desired, analytical results 
are necessary during operation instead of several days later.
There are at least nine different carboxylic acids in sugar cane
juice including, in order of their abundance: aconitic, citric, malic,
63oxalic, glycollic, mesaconic, succinic, furmaric, and syringic. While
both aconitic and citric acids have been found to undergo the Furth-Herrmann
reaction, (as well as itaconic and fumaric acids), the successful application
of the method to sugar cane juice is governed by two other considerations:
249(1) the selection of the proper wavelength at which to read samples,
and (2) the relative concentrations of the acids found in the juice, aconitic
63 226being about 75 to 90 percent of all acids present. " Also, it is 
possible that not all acids present will undergo the color reaction since
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tartaric and 1-malic acids give only clear solutions with acetic anhydride 
and pyridine.^
The method of analysis presented herein can provide an accurate 
aconitic acid determination in less than one hour. After 2-butanone 
extraction and evaporation of the sample, the time expended per sample 
consists only of the time necessary to add the reaction mixture of pyridine 
and acetic anhydride and then the time necessary to read the absorbance on 
a spectrophotometer.
CHAPTER XI
RANDOM THOUGHTS AND INVESTIGATIONS
A. INTRODUCTION
A number of side projects were attempted, sometimes in a half­
hearted manner, during the course of this investigation. In most cases, 
not enough time or effort was expended to achieve anything but a qualitative 
answer to the particular problem being studied. However, often, a 
qualitative answer was all that was needed anyway and further, more 
detailed work was not necessary to the primary goals of this work. Some 
of the more interesting projects studied and their results (along with 
any thoughts or suggestions concerning them) are included in this chapter.
B. TRIMETHYLSILYLATED FRUCTOSE
Prior to our becoming aware of the paper by Curtius, Muller, and
3Voellmin concerning the identification of the peaks from trimethylsilylated
fructose with mass spectroscopy, we attempted to identify them with what
would have been a rather novel technique, if it had worked. This effort
was based on the successful separation of an equilibrated D-fructose
95solution into two components by Avigad and Bauer. These authors reported 
that thin-layer chromatography at -18°C produced two spots from a fructose 
solution instead of the one spot produced at room temperature. They were 
able to demonstrate that these two spots were due to the separation of the 
alpha and beta pyranoid rings. This, it was reasoned by us, would be an 




chromatogram with these two anomers. Thus, it was decided to separate 
an equilibrium mixture using thin-layer chromatography, collect the 
spots, derivatize them, and chromatograph each to determine its retention 
time.
I. Experimental
The same general experimental approach used by Avigad and Bauer
was employed here with the following exceptions:
1. Instead of "spotting",the chromatograms were prepared 
by "streaking" with a Sample Streaker equipped with a 
250jil syringe, available from Applied Science Lab.,
Inc., State College, Pennsylvania.
2. Instead of detecting the entire streak with the urea- 
phosphoric acid detection solution used by Avigad and
Bauer, only the last inch or so on each end of a six
inch streak were sprayed. The middle portion was 
covered with a glass plate. After the plate was 
developed in a warm oven (110°C), lines were drawn 
across the plate to connect the two portions displaying 
separated fructose rings. The area of the plate not 
sprayed with detecting reagent but from inference 
containing each ring form, was scrapped off of the plate 
and stored in a vial. A number of plates were thus 
treated in order to obtain a reasonable amount of 
fructose in each vial.
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3. After collection of each of the fructose rings into a 
separate vial, two milliliters of pyridine followed by 
a proportional amount of hexamethyldisilazane and tri- 
methylsilylchloride were added in order to achieve
psilylation using the technique of Sweeley.
4. After about ten minutes, each sample was filtered to 
remove the cellulose plate material. This produced
a pyridine solution of the sllylated ring in each vial 
which was then studied with gas chromatography.
Materials used in this experimental work consisted of MN- 
Cellulosepulver (Mn-Cellulose powder) 300 HR prepared without binder 
according to E. Stahl. This product is available from Macherey, Nagel 
and Company and is distributed by Brlnkmann Instruments, Inc., Westbury,
New York. The directions on the container were followed to prepare 
20 x 20 cm glass plates. Plate preparation was accomplished using a 
Desaga-Brinkraann applicator to obtain cellulose layers 0.25 mm thick. All 
plates were dired for two hours at 105°C and then allowed to cool slowly to 
room temperature in a dry chamber before use. Before spotting (streaking), 
the plates were cooled to 0°C and all streaking operations were performed 
at that temperature. A stream of cold air was used to facilitate 
evaporation of the water from the streaked plates. Each streak was 
thoroughly dried before the next layer was applied.
2. Results and Discussion
Both the alpha and beta pyranose rings gave peaks with the same 
retention time in the chromatograms obtained on the silylated samples. At
first this data was looked upon as proof of the opinion voiced earlier 
that the interpretation by McDonald^ that his changing chromatograms were 
due to anorner conversion was indeed erroneous. However, careful considera­
tion of all the steps soon showed that this conclusion could not be drawn 
from this data. There is no guarantee that there was not preferential 
formation of one anomer in the silylation reaction. That is, after 
warming to room temperature to affect silylation, both anomers could have 
gone to the same form. Of course, on the other hand, it can be argued 
that the same thing should have happened to the other samples which were 
studied (including those studied by McDonald); the point is that the same 
thing did not happen. Thus, either the interpretation by McDonald is 
erroneous or the separation of Bauer and Avigad did not take place in
the first place. (This is assuming that no changes occurred while the
plate material was standing in the vial into which it was put). Before 
this question could be settled conclusively, the paper by Curtius et al?  
appeared and the question was a mute point.
C. OTHER SILYLATIOH METHODS
2Although the silylation method of Sweeley _et al. was used
exclusively in the work presented herein, there are a large number of other
methods which could have been used to derivatize the samples of interest
in this investigation. Perhaps the method most worthy of further investi-
204gation is that of Brobst and Lott in which trifluoroacetic acid is 
used with hexamethyldisilazane in pyridine to achieve trimethylsilylation. 
This method has the advantage of producing ammonia as a volatile by-product
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The pyridine solution obtained is free of any percipitate. Moreover, 
the method has been tested for corn syrups and found to give very nice 
results even in the presence of moisture.
Several attempts were made in this work to incorporate the Brobst 
and Lott silylation method into this work. However, there never seemed 
to be enough time to completely compare the results of this method with 
the results of the method of Sweeley. Just as quantitative work based 
on Sweeley's method was finished and further studies of the Brobst and Lott 
initiated, either equipment failed or had to be returned to someone for 
some reason. About the only definite conclusions which could be drawn 
from the work which was done was that the pyridine solutions seemed stable 
and were much nicer to work with than were the solutions containing 
ammonium chloride percipitate.
D. MOLASSES EXTRACTION METHODS
A common operation in bio-chemical investigations of plant 
materials is to extract the sugars from lipids and fibrous material.
Eighty percent (80%) ethyl alcohol is probably used more than any other 
solvent for this purpose.
To determine the feasibility of such an extraction procedure for 
molasses, two molasses samples were weighed out into a test tube and mixed 
with 2 ml of 90% ethanol (to compensate for the water already present).
This was shaken for five minutes with a Junior Vortex Mixer and the ethanol 
decanted. Two 3 ml portions of 807* ethanol were added, shaken for five 
minutes,and decanted into the same container as the first extraction.
225
After drying and silylation in the usual manner, these samples 
were analyzed for sucrose. Since this work was done the day after the 
sucrose determination in molasses (as described in Chapter IX) and the 
gas chromatograph had been left running overnight, the same calibration 
curve which had been prepared for that work was used for this analysis. 
Calculations gave 30.3 and 30.8% sucrose. This agreed favorably with the 
30.0 and 30.1 obtained on the samples which had been silylated directly 
the previous day, and indicates complete extraction. The nicety of this 
method is that sample drying time is significantly reduced by going from 
an aqueous sample to the ethanol sample. Moreover, many of the materials 
which hinder dissolution of the molasses sample (even dried) in pyridine 
are removed in the decantation process.
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APPENDIX I
STRUCTURES OF SUGARS TRIMETHYLSILYLAIED IN THIS STUDY
(Comments on structures, names, and occurrences are based on discussions






The Structures of L-Arabinose
L-Arabinose
None
The sugar is found in the free state in the heartwood of 
many coniferous trees. In the combined state, it occurs 
in many plant products such as gums, hemicellulose, pectin 
materials, and bacterial polysaccharides.
There exists only one crystalline form and it is the 
P-anomer. Calcium Chloride compounds of both the 
Of- and p-anomers have been prepared, L-Arabinose exists, 
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The Structures of D-Fructose
D-Fructose 
Levulose, fruit sugar
In an uncombined form, D-fructose is found in fruit 
juices, honey, apples, and tomatoes. In a combined 
form (as half of the sucrose molecule), the sugar is 
extremely widely distributed in nature being in at 
least part of almost every member of the plant kingdom. 
Many plants contain large amounts of levulose poly­
saccharides (inulins) and can be used commercially as 
a source of fructose.
One crystalline form of the sugar is known and is 
considered to be the pyranose form (i.e., work discussed 
elsewhere in this dissertation indicates it is the 
B-anomer). In solution, considerable amounts of the 
furanose form seem to be present and in natural products 
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Figure 43
The Structures of D-Galactose
D-Galactose
Synonyms: "Cerebrose" and "brain sugar".
Occurrence: Naturally occurring crystalline D-galactose is rather
uncommon, but it has been observed on ivy berries. In 
combined form, however, it is a frequent constituent of 
oligosaccharides, notably lactose, melibiose, and 
raffinose. Polysaccharides which yield galactose on 
hydrolysis include agar, gum arabic, mesquite gum, 
western larch gum, and many other plant gums and 
mucilages. In sugar beets and in certain algae, the
sugar occurs in glycosidic combination with myo-inositol 
in the former and glycerol in the latter.
Structure: The usual crystalline modification of this sugar is
the a-pyranose, although g-D-galactopyranose has been
obtained in crystallized form from cold alcoholic 
solution. Even though the structure of galactose differs 
from that of glucose by the configuration at only one 
carbon atom (dumber 4), this difference produces a 
greater tendency for galactose to give furanose derivatives 
and to form considerable quantities of furanose isomers 
in aqueous solution. L-Galactose is also known naturally 
in several polysaccharides such as chagual gum, agar-agar, 
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The Structures of D-Glucose
D-GIucose
Dextrose, blood sugar, grape sugar, and corn sugar
This is the most abundant sugar and perhaps the most 
abundant organic compound. It occurs free in fruits, 
plant juices, honey, blood, lymph, cerebro-spinal fluid, 
and urine and is a major constituent of many oligo­
saccharides (sucrose, for example), polysaccharides 
(such as cellulose, starch, and glycogen) and glucosides.
Both a-D-glucose and p-D-glucose can be obtained in 
crystalline form from aqueous solution by careful 
control of crystallization conditions. Both are 
produced commercially and both are the pyranose form. 
Other forms, linear and furanose, may be present in 
solution, but in negligible amounts.
D-GLUCOSE
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The Structure of Lactose
Lactose
4-0-0-D-Galactopyranosyl-D-glucose, milk sugar
Lactose exists in the milk of all mammals to the extent of 
about 5 percent. There are scattered reports of its 
presence in some plants such as the longstyled pollen of 
the forsythia flowers.
Acid or enzymatic hydrolysis of lactose shows that two 
sugars are linked together to form its molecule: D-glucose
and D-galactose. Other investigations prove that the 
disaccharide linkage must be connected to carbon 4 of the 
D-glucose moiety. Enzymatic hydrolysis studies show that 













The Structure of Maltose
Maltose
4-0-a-D-Glucopyranosyl-D-glucose, malt sugar
Some reports of the presence of maltose in plants are 
perhaps erroneous since it is a product of the enzymatic 
hydrolysis of starch and may only actually exist in 
combined form in plants in this manner,.
Chemical synthesis and other reactions show that maltose 
is composed of two D-glucose units connected between 
carbons 1 and 4 by an oxygen bridge. This same statement 
holds true for the disaccharide cellobiose. The distinction 
between the two sugars is in the configuration of the 
glucosidic linkage. Studies of the hydrolysis of the two 
sugars by enzymes show that maltose has the formula 
4-0-a-D-glucopyranosyl-D-glucose and cellobiose is 4-0-f3- 
D-glucopyranosyl-D-glucose.
MALTOSE
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The Structures of D-Mannose
D-Mannose
Synonyms: "Seminose"
Occurrence: There are no examples of the presence of the free sugar
in natural products. However, there are many poly­
saccharides which yield D-mannose on hydrolysis. Several 
plants can be used to manufacture D-mannose because of the 
polysaccharides they contain. Examples are the seeds of 
the tagua plant (the most important source), tubers of 
Orchidaceae, and heimcellulose from white spruce and 
Phoenix canariensis. Other reports indicate the presence 
of D-mannose in ovomucoid, of blood serum globulins, and 
of tubercle bacilli.
Structure: Both pyranose anomers of D-mannose can be obtained from a
properly seeded aqueous solution. However, the more 
soluble p-anomer can only be obtained if the a-anomer has 
been carefully excluded from the crystallizing mixture. 
There is some evidence (notably the complex mutarotation 
exhibited by the crystalline compound obtained with CaC^) 
that the furanose modification of the sugar exists in 
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The Structures of D-Ribose
D-Ribose
None
D-Ribose and 2-deoxy-D-ribose comprise the carbohydrate 
constituents of nucleic acids, which are found in all 
plant and animal cells. Moreover, it is a constituent 
of several vitamins and coenzymes.
The mutarotation of ribose is complex and exhibits a 
minimum. This indicates the complexity of the composition 
of an aqueous solution of the sugar. In natural products, 
the sugar occurs in the furanose modification and this 
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The Structures of L-Sorbose
L-Sorbose
Sorbinose and, in older literature, d-sorbose
L-Sorbose has been reported in the enzymatic hydrolyzate 
of a pectin from the skin of the passion fruit and in the 
fermented juice of mountain-ash berriers (although this 
identification has been criticized since it is also a 
product of the oxidation of sorbitol by some bacteria).
The sugar is most conveniently prepared from the biochemical 
oxidation of sorbitol using certain bacteria. Other than 
this, the sugar has not been subjected to careful exami­
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The Structure of Sucrose
Sucrose
Saccharose, "sugar", cane sugar, beet sugar, Of-D-gluco- 
pyranosyl-(3-D-fructofuranoside, f3-D-fructofuranosyl-cy-D- 
glucopyranoside.
Sucrose occurs almost universally throughout the plant 
kingdom in the juices, seeds, leaves, fruits, flowers, 
and roots of plants. Among animal products, honey consists 
principally of sucrose and its hydrolysis products, glucose 
and fructose.
Hydrolysis of sucrose yields a mixture of equal amounts 
of glucose and fructose, both of which are identified by 
chemical evidence. Enzymatic hydrolysis studies have 
shown that the configuration of the glycosidic linkages 
of sucrose is a- for the D-glucose component and B~ for 
the D-fructose component. Moreover, chemical synthesis 
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The Structure of D-Xylose
D-Xylose
Wood sugar and, in earlier literature, A-xylose
D-xylose is a constituent of a number of important agricul­
tural wastes including corn-cobs, cottonseed hulls, pecan 
shells, straw, and a number of other woody products.
Structure: Pigman (reference 1 of text) does not present any structural
determination information, but this is discussed in the 
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APPENDIX II
CHROMATOGRAMS FOR TMS-MONOSACCHARIDES AT 200°C ON GC-I
PREFACE
This appendix presents the gas chromatograms obtained using 
GC-I, described in this dissertation in Chapter IV. Similar chromato­
grams were obtained on GC-I at 165°C (these herein were obtained at a 
column temperature of 200°C), but there was not enough difference 
between the two sets of chromatograms, other than a longer retention 
time at the lower temperature, to warrent including both sets here. At 
a column temperature of 200°C the disaccharides sucrose, maltose, and 
lactose have a retention time between 60 and 75 minutes and elute in a 
long, broad peak requiring about 10 to 15 minutes to clear the column. 
The monosaccharide chromatograms presented were obtained on Pierce's 
Sugar Sil Kit of sugar derivatives in hexane (100 mg/ml). Approximately
0.5 microliters were injected on to an 8 1 x ■jjr" aluminum column packedo
with 3% SE-52 on Chromsorb W. The injection port and detector temper­
atures were maintained at 290°C.
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Figure 52. TMS-L-Arabinose Chromatogram 
at 200°C
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Figure Jk. TMS-D-Galactose Chromatogram at 200 C
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Figure 55„ TMS-tf-D-Glucose Chromatogram at 200 C
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Figure 560 TMS-3-D-Glucose Chromatogram at 200°C
0
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Figure 57 o TMS-D-Mannose 
ChromaCogram 
at 200°C
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Figure 58. IMS-D-Ribose Chromatogram 
at S00°C




Chromatogram at 200 C
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Figure 60* TMS-D-Xylose Chromatogram 
at 200°C
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APPENDIX III
GC-VIII AND GC-IX L-ARABINOSE CHROMATOGRAMS 
(Kovats Indices were not obtained for the peaks for this sugar)
Li
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Figure 6l. TMS-L-Arabinose Chromatogram 





Figure 62, TMS-L-Ara.bin.ose Chromatogram 
on GC-IX at 160°C
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